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Introduction	  
	  
This	   final	   dissertation	   aims	   at	   analysing	   an	   existing	   historical	   masonry	  
building,	  which	  is,	  thus,	  investigated	  under	  a	  plurality	  of	  aspects.	  
First	   of	   all,	   a	   full	   historical	   study	   is	   provided	   in	   order	   to	   better	   clarify	   the	  
construction	   path	   as	   well	   as	   understanding	   the	   high	   relevance	   of	   such	  
heritage;	   then	   a	   detailed	   reconstruction	   of	   the	   plan	   views	   and	   facades	   is	  
delivered	   thanks	   to	   a	   metrical	   evaluation	   on	   field	   and	   photographical	  
methods.	  
Once	   all	   the	   components	   of	   the	   structure	   have	   been	   completely	   defined,	   a	  
virtual	  representation	  is	  given	  by	  means	  of	  the	  finite	  element	  method	  using	  
Straus7	   software:	   in	   this	   way	   2D	   views	   of	   the	   principal	   walls	   are	   created,	  
allowing	  further	  studies.	  
Finally	  a	  pushover	  analysis	  is	  carried	  out	  for	  the	  two	  main	  directions	  aiming	  
at	  determining	  the	  seismic	  capacity	  of	  the	  structure.	  
The	  very	   last	   section	  of	   the	  analysis	   is	   focused	  on	  possible	   retrofits	   for	   the	  
construction:	   in	   particular,	   two	  different	   types	   of	   intervention	   are	   covered,	  
explaining	  why	  they	  are	  considered	  a	  good	  choice	  for	  the	  case	  study.	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Chapter	  1	  
	  
	  
Historical	  reconstruction	  and	  primary	  
investigation	  
	  
	  
1.1	  Historical	  reconstruction	  of	  the	  case	  study	  
	  
Dealing	   with	   an	   ancient	   structure,	   history	   represents	   the	   key	   point	   that	  
makes	  us	  understand	  the	  whole	  development	  of	  the	  building	  in	  a	  proper	  way:	  
for	   this	   reason	   a	   chronological	   description	   of	   the	   construction	   phases	   has	  
been	  carried	  out	  by	  means	  of	  consultation	  of	  all	  kind	  of	  historical	  records.	  	  	  
This	  first	  part	  aims	  at	  showing	  the	  results	  of	  the	  reconstruction	  of	  the	  history	  
of	  “Villa	  I	  Bossi”,	  which	  is	  a	  medieval	  mansion	  property	  of	  Counts	  Albergotti	  
and	  placed	  in	  Gragnone,	  a	  little	  village	  near	  the	  city	  of	  Arezzo	  (Tuscany).	  
The	  primary	  investigation	  was	  conducted	  throughout	  several	  readings	  from	  
the	   personal	   hardcopy	   archive	   of	   the	   family,	   then	   the	   consultation	   of	   the	  
city’s	   historical	   and	   contemporary	   land	   register	   showed	  a	   cultural	  property	  
restriction	   was	   set	   in	   1998;	   hence	   the	   research	   moved	   to	   the	   city	  
“Superintendence	   for	   Cultural	   Heritage”	   where	   documents	   testifying	   this	  
event	   are	   collected.	   Finally	   the	   reference	   work	   done	   completed	   the	  
investigation	   giving	   a	   conclusive	   view	   on	   the	   whole	   historical	   process	   the	  
building	  has	  gone	  through.	  	  
The	   result	   of	   this	   first	   step	   is	   shown	   in	   the	  next	   paragraph;	   by	   the	  way	   its	  
conciseness	   is	  basically	  due	   to	   the	   fact	   that	   the	  analysed	  mansion	  has	  been	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always	   a	   property	   of	   the	   same	   family	   so	   that	   a	   poor	   documentation	   was	  
provided	   since	   there	  was	  no	   interest	   in	   describing	   its	   state	   or	   structure	   (it	  
would	  have	  been	  different	  if,	  for	  instance,	  the	  villa	  had	  been	  sold	  to	  the	  public	  
authority	  or	  simply	  to	  someone	  out	  of	  the	  family	  since,	  in	  this	  case	  according	  
to	  the	  usage	  of	  the	  period,	  a	  detailed	  description	  of	  the	  structure	  would	  have	  
been	  provided).	  	  
	  	  
	  
The	   area,	   built	   up	   during	   the	   XVII-­‐XIX	   centuries,	   includes	   an	   ancient	   small	  
fortification	  dating	  back	  to	  the	  XIII-­‐XIV	  centuries	  and	  already	  owned	  by	  the	  
Albergottis	  placed	  as	  a	  defence	  of	  the	  Bagnoro	  and	  Arezzo’s	  valley.	  
Enlarged	  time	  after	  time	  and	  turned	  into	  a	  mansion	  with	  a	  pertaining	  farm,	  
the	  compound	  had	  been	  further	  subdivided	  and	  enlarged	  for	  estate’s	  reasons	  
since	  the	  mid-­‐to-­‐late	  of	  the	  XVIII	  century	  when	  part	  of	  the	  villa	  was	  handed	  
to	  the	  Pandolfini	  family.	  
Partially	  visible	  from	  the	  courtyard	  dividing	  the	  two	  existing	  properties,	  the	  
ruins	  of	  the	  medieval	  fortification	  and	  the	  keep	  (mastio)	  expose	  the	  very	  first	  
facies	  of	  the	  building.	  Ruled	  by	  the	  Florentines	  in	  March	  1384,	  the	  structure	  
gradually	   lost	   its	  defensive	  purpose	  until	   the	  second	  half	  of	   the	  XVI	  century	  
when	   it	   became	   “casa	   da	   padrone	   e	   da	   lavoratori”,	   property	   of	   Nerozzo	  
Albergotti.	  
At	   the	  end	  of	  1500	   the	  whole	  compound	  was	   inherited	  by	  Cav.	  Girolamo	  di	  
Nerozzo,	   who	   left	   it	   to	   his	   sons	   Albizio	   and	   Cosimo	   in	   1636;	   in	   particular	  
thanks	   to	   the	   latter	   the	   very	   first	   arrangement	   of	   the	   villa	   and	   the	   chapel	  
dedicated	  to	  S.	  Cristina	  was	  defined	  (1648).	  When	  	  Cosimo	  Albergotti	  (1619-­‐
1669)	   died,	   Senator	   Roberto	   Pandolfini	   and	   Cosimo’s	   brother	   Albizio	  
contended	  for	  his	  personal	  assets.	  
However	  we	  have	  to	  wait	  until	  31th	  July	  1745	  to	  find	  in	  the	  land	  register	  the	  
following	   note:	   “	   …Un	   tenimento	   di	   più	   pezzi	   di	   terra	   lavorativa,	   vignata,	  
parte	  quesrciata	   e	   castagnata,	   sodo	   con	  parte	   arboreta	   e	   olivata,	   diviso	  per	  
via	  che	  va	  a	  Roselleto,	  con	  casa	  da	  Padrone	  e	  Chiesa	  di	  staiora	  54	  (one	  staiora	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is	   the	   area	   of	   land	   needed	   to	   seed	   a	   precise	   amount	   of	   wheat)	   posto	   nel	  
Comune	  dei	  Bossi	  luogo	  detto	  Col	  di	  Gragnone	  e	  Sala	  confina:	  I)	  fiume	  di	  Col	  
di	   Gragnone,	   II)	   via	   che	   divide	   il	   Comune	   di	   Bossi	   con	   quello	   di	   Pieve	   al	  
Bagnoro,	   III)	   fossato	   che	   divide	   detti	   comuni	   	   e	   altri	   beni	   del	   medesimo	  
Cosimo	  Albergotti	  e	  cav.	  Albizio	  e	  via	  che	  va	  al	  Roselleto.	  
Stima	  320;	  …	  (list	  of	  other	  possesions)…	  sic	  ass	  il	  nome	  di	  Cosimo	  Albergotti	  
già	  defunto	  e	  la	  presente	  posta	  incominciante	  in	  questo	  a	  carta	  425	  (Ancient	  
land	  register	  of	  the	  city	  of	  Arezzo-­‐	  Porta	  S.	  Spirito)	  si	  rinnove	  tutto	  in	  conto	  e	  
faccia	  del	  colonnello	  Ferdinando	  del	  Sen.	  Camillo	  del	  Sen.	  Ruberto	  Pandolfini,	  
erede	   mediante	   la	   persona	   del	   detto	   senator	   Ruberto	   suo	   nonno	   di	   detto	  
Cosimo	   Albergotti	   e	   da	   esso	   nella	   persona	   di	   detto	   Sen.	   Camillo	   suo	   padre	  
entrambi	  defunti	  ed	  oggi	  detto	  colonnello	  Ferdinando,	  come	  figlio,	  nipote	  ed	  
erede	   rispettiavmente	   di	   detti	   suoi	   autori	   tutto	   con	   presenza	   ed	   istanza	   di	  
Giovan	  Domenico	  Bonci	  agente	  del	  medesimo…”.	  
Lacking	  of	  the	  majority	  of	  the	  manor-­‐house,	  the	  Villa	  Albergotti	  was	  handed	  
in	   1672-­‐1673	   on	   brothers	   Alberico	   and	   Giovan	   Battista	   di	   Albizio;	   in	   that	  
regard	  it	  is	  remarkable	  to	  mention	  the	  next	  description	  included	  in	  the	  land	  
register:	   “…	   Un	   tenimento	   di	   terre	   lavorative,	   vitate,	   arborate,	   olivate	   e	  
vignate	   con	  alcuni	  quercioli	   con	   casa	  da	  padrone	  e	   lavoratore	  di	   stajora	  13	  
nel	   detto	   commune	   di	   Bossi,	   luogo	   detto	   Col	   di	   Gragnone	   fino	   a	   tutta	   la	  
Grillandetta	   o	   Rio	   della	   Doccia,	   a	   levante	   e	   ponente:	   case	   di	   Cosimo	  
Albergotti,	   tramontane:	   via	   della	   Casella	   o	   Roselleto;	   ponente:	   loro	   detti	   e	  
detto	   Cosimo	   Albergotti,	   mezzogiorno:	   fossato	   della	   Doccia	   e	   beni	   di	   detto	  
Cosimo	   stimato	   fiorini	   52”.	   (Land	   register	   of	   the	   city	   of	   Arezzo	   –	   Porta	   S.	  
Lorentino	  ac.	  I23v).	  	  
It	  is	  interesting	  to	  notice	  that	  the	  number	  of	  staiora	  is	  reduced	  from	  54	  to	  13	  
and	   that	   the	   area	  had	  been	  deprived	  of	   the	   church	   and	   it	   still	   bordered	  on	  
Cosimo	  Albergotti’s	  property	  even	  4	  years	  after	  his	  death.	  	  
During	   the	   second	   half	   of	   the	   XVIII	   century	   the	   Albergottis	   reached	   its	  
political	  and	  economic	  apogee	  and	  the	  property,	  owned	  by	  Angelo	  Tommaso,	  
underwent	   a	   series	   of	   extensions	   in	   order	   to	   become	   a	   sort	   of	   little	   palace	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which	  actually	  could	  show	  the	  glory	  and	  pride	  of	  the	  family,	  just	  then	  titled	  as	  
Marquise	  of	  Polino	  by	  the	  ancient	  family	  of	  Castelli.	  
Even	   Monsignor	   Agostino	   Albergotti,	   brother	   of	   the	   new	   marquise	   Angelo	  
Tommaso,	   played	   a	   crucial	   role	   in	   the	   renovation	   of	   the	   building.	   Born	   in	  
1755,	  Agostino,	  who	  had	  always	  loved	  to	  take	  refuge	  in	  his	  villa	  in	  Gragnone,	  
was	  appointed	  as	  bishop	  of	  Arezzo	  in	  1802	  and	  he	  was	  strongly	  engaged	  in	  
reforming	   and	   founding	   religious	   orders	   as	  well	   as	   restoring	   churches	   and	  
buildings	  owned	  by	  the	  Diocese:	  in	  particular	  he	  is	  recorded	  as	  the	  one	  who	  
put	   through	   the	   Chapel	   of	   the	   Madonna	   del	   Conforto	   in	   the	   Arezzo’s	  
Cathedral	   and	   also	   the	   Church	   of	   Santa	   Caterina,	   next	   to	   the	   Albergotti’s	  
palace	  in	  the	  city	  centre.	  	  
The	  enlargement	  works	  carried	  on	  at	  least	  until	  the	  first	  decade	  of	  the	  1800s,	  
when	   the	   Marquise	   Giuseppe	   acquired	   the	   whole	   property,	   son	   of	   Angelo	  
Tommaso.	  At	  that	  period	  the	  land	  register	  annotates:	  “	  …	  un	  palazzo	  ad	  uso	  di	  
villa	  di	  n°43	  stanze	  da	  cima	  a	   fondo,	   con	  orto	  e	   i	   suoi	  annessi	   con	  Oratorio	  
modernamente	  costruito	  cui	  confina:	  1°	  Sig.ra	  Contessa	  Cassandra	  Pandolfini	  
con	   Villa;	   2°	   e	   3°	   beni	   infrascritti	   annesi	   a	   detta	   villa;	   4°	   strada.	   Stimato:	  
fiorini	   190	   che	   non	   si	   tirano	   fuori	   poichè	   atteso	   servire	   proprio	   uso…”	  
(Transfer	  of	  registration	  1807-­‐Book	  II	  ac.748).	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1.2	  An	  overview	  of	  the	  structure	  
	  
Villa	   Albergotti-­‐Pandolfini	   is	   located	   in	   Gragnone,	   a	   small	   village	   6	   km	   far	  
from	  the	  city	  of	  Arezzo	  (Tuscany).	  
	  
	  
Picture	  1.	  Building	  location	  	  
	  
	  
	  
Picture	  2.	  Aerial	  view	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The	   main	   building	   is	   a	   three-­‐storey	   masonry	   structure	   made	   up	   by	   4	  
principal	   bodies	   all	   connected	   to	   a	   large	   inner	   courtyard.	   The	   main	   plan	  
dimensions	  are	  equal	   to	  20,30	  x	  24,84	  m,	  while	   the	   interstorey	  heights	   are	  
really	  different	  due	  to	   the	  misalignment	  of	   the	  majority	  of	  slabs	  (3,50	  m	  on	  
average	  with	  maximum	  height	  of	  5,10	  m	  and	  minimum	  of	  2,50	  m).	  	  
	  
	  
Picture	  3.	  Aerial	  view	  2	  
	  
Well-­‐preserved	   and	   recently	   refurbished,	   Villa	   Albergotti	   shows	   a	   façade	  
characterised	   by	   rectangular	   aligned	  windows	   and	   its	   left	   side	   is	   linked	   to	  
Villa	  Pandolfini	  characterized	  by	  bugnato	  gate,	  which,	  once,	  was	  connected	  to	  
the	  front	  park	  by	  means	  of	  a	  little	  stone	  bridge.	  	  Absorbed	  within	  the	  villa,	  the	  
mighty	  tower	  of	  the	  ancient	  mastio	  stands	  out	  against	  the	  whole	  compound	  
and	  it	  is	  placed	  side	  by	  side	  with	  a	  segmental	  arched	  turret.	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Picture	  4.	  Main	  facade	  
	  
Next	   to	   the	   main	   building	   we	   find	   the	   chapel,	   bordered	   by	   two	   angular	  
pilasters	  with	  a	  portal	  and	  an	  over	  standing	  window.	  The	   inside,	  composed	  
by	  only	  one	  big	   rectangular	  hall,	  displays	  XIX	  century	   trompe-­‐l’oil	  trimming	  
over	  doors,	  recesses,	  confessionals	  and	  windows.	  The	  imitation	  marble	  altar	  
shows	  a	  painted	   trabeation	   framing	  a	  XVII-­‐XVIII	   century	  canvas	   that	  depict	  
the	  Immaculate	  Conception.	  
Assigned	  to	  farm	  purposes,	  the	  ground	  floor	  reveals	  plenty	  of	  statements	  of	  
the	  medieval	   fortification	  with	  plugged	  portals	  and	  a	  ferro	  di	  vanga	  coats	  of	  
arms	  of	  XIII-­‐XVI	  century:	  all	  these	  early	  elements	  are	  well	  mixed	  with	  more	  
modern	  ones,	  for	  instance	  the	  wood	  truss	  on	  the	  ceiling	  as	  a	  substitute	  of	  the	  
ancient	   vaults	   whose	   marks	   are	   still	   visible	   on	   the	   stone	   walls.	   From	   the	  
ground	   floor	  a	  stone	  stair,	  garnished	  with	   the	  Albergotti’s	  emblem,	   leads	   to	  
the	  upper	  floors.	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Enriched	   by	   wide	   boardrooms,	   the	   first	   floor	   is	   the	   result	   of	   the	  
improvements	   conducted	   by	   the	   brothers	   Angelo	   Tommaso	   and	   Agostino	  
Albergotti;	   the	  halls,	   full	  of	  XIX	  century	   frames	  and	   trimming,	  exhibit	  XVIII-­‐
XIX	  century	  fireplaces	  made	  of	  stone	  or	  imitation	  marble.	  	  
	  
Given	   exclusively	   to	   bedrooms,	   the	   second	   floor	   is,	   on	   the	   other	   hand,	  
composed	  only	  by	  alcove	  and	  boudoirs	  together	  with	  servants’	  settings.	  	  
	  
The	   last	   part	   to	   be	  mentioned	   is	   the	   attic	   and	   the	   turret,	  which	   gives	   us	   a	  
complete	  view	  of	  the	  park.	  
	  
The	  most	  likely	  kind	  of	  slab	  is	  made	  of	  two	  orders	  timber	  beams	  according	  to	  
the	  Tuscany	  way	  as	  shown	  in	  pictures	  5,	  6	  and	  7:	  all	  of	  them	  have	  been	  taken	  
at	  ground	  floor	  where	  this	  element	  is	  prevailing;	  in	  addiction	  vaults	  are	  even	  
widely	  used	  (see	  pictures	  8	  and	  9),	  while	  few	  false	  ceilings	  are	  present.	  
	  
	  
	  
	  
Picture	  5.	  Two	  orders	  timber	  beam	  slab	  1	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Picture	  6.	  Two	  orders	  timber	  beam	  slab	  2	  
	  
	  
	  
	  
Picture	  7.	  Two	  orders	  timber	  beam	  slab	  3	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Picture	  8.	  Example	  of	  little	  vaults	  1	  
	  
	  
Picture	  9.	  Example	  of	  little	  vaults	  2	  
	  
	  
Finally	  the	  study	  of	  the	  roofing	  completes	  the	  preliminary	  investigation	  of	  the	  
building;	  in	  this	  case	  the	  roof	  is	  made	  up	  by	  different	  elements	  connected	  one	  
to	  the	  other	  as	  shown	  in	  pictures	  10	  and	  11.	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Picture	  10.	  First	  floor	  roof	  connections	  
	  
	  
Picture	  11.	  Second	  floor	  roof	  connections	  
If	  we	  look	  at	  the	  relative	  internal	  connections,	  we	  find	  timber	  trusses,	  which	  
belong	  to	  a	  more	  recent	  refurbish.	  Pictures	  12,	  13	  and	  14	  provide	  examples.	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Picture	  12.	  Inner	  connections	  of	  first	  floor	  roof	  
	  
	  
Picture	  13.	  Detail	  of	  an	  Inner	  connection	  of	  first	  floor	  roof	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Picture	  14.	  Particular	  2	  of	  an	  Inner	  connection	  of	  first	  floor	  roof	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Chapter	  2	  
	  
	  
Plan	  views	  and	  facades	  reconstruction	  
	  
2.1	  Steps	  of	  the	  reconstruction	  
	  
	  
The	  next	  step	  is	  the	  reconstruction	  of	  the	  external	  facades,	  which	  will	  be	  used	  
during	   the	   pushover	   analysis	   in	   order	   to	   simulate	   the	   performance	   of	   the	  
main	   walls.	   Given	   the	   lack	   of	   general	   information	   on	   the	   structure,	   it	   was	  
necessary	  to	  collect	  any	  useful	  pieces	  of	  news;	  furthermore,	  since	  no	  design	  
blueprints	  were	  available,	  an	  accurate	  metrical	  survey	  was	  done	  in	  order	  to	  
detect	  all	  the	  geometrical	  aspects	  related	  to	  the	  overall	  building	  as	  well	  as	  to	  
the	   single	   components.:	   in	   particular,	   such	   work	   was	   even	   aimed	   at	  
describing	  the	  changes	  the	  structure	  has	  undergone	  during	  its	  life.	  	  
In	   order	   to	   do	   so	   a	   direct	   photographical	   method	   is	   selected;	   the	   chosen	  
approach,	   even	   though	   it	   is	   a	   simplifying	   one,	   is	   operatively	   functional	   to	  
streamline	   the	  whole	   process	   giving	   a	   quick	   result.	   The	  main	   steps	   of	   this	  
procedure	  are:	  
	  
• Photographical	   and	   metrical	   evaluation	   on	   field:	   by	   means	   of	  
measuring	   stake	   and	   laser	   distanziometer	   a	   preliminary	   metrical	  
evaluation	  is	  done	  for	  each	  floor;	  in	  addiction	  a	  photographical	  survey	  
is	   conducted	   in	   order	   to	   take	   note	   of	   any	   particular	   structural	  
elements	  or	  any	  substantial	  peculiarity.	  At	  this	  stage	  photos	  of	  all	  the	  
facades	   are	   taken:	   the	   technique	   is	   simply	   based	   on	   trying	   to	   take	  
pictures	   from	   the	  most	   far	   point	   such	   that	   the	  whole	   façade	   can	   be	  
seen.	  Obviously	   a	   check	  of	   the	  main	  measures	   is	   needed	   in	   order	   to	  
reduce	  the	  uncertainty	  due	  to	  the	  imperfection	  of	  the	  picture	  itself.	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• Definition	  and	  updating	  of	  plan	  views:	   they	  are	  useful	  mainly	   to	  get	  a	  
correspondence	  between	  the	  façade	  representation	  and	  the	  perimeter	  
measurements;	   in	   fact,	   at	   this	   stage,	   the	   plan	   view	   gives	   a	   complete	  
visualization	   of	   the	   structure	   as	   well	   as	   a	   broad	   orientation	   of	   the	  
structure	   in	  space.	  At	   this	  stage,	  software	  AutoCAD	  has	  been	  used	   in	  
order	   to	  draw	  the	  main	   three	  plan	  views	  displayed	   in	  picture	  16,	  17	  
and	  18:	  notice	  that	  some	  part	  of	  the	  initial	  reconstruction	  (picture	  15)	  
are	  not	  considered	   for	  sake	  of	  simplicity	  and,	  basically,	  because	  they	  
can	  be	  viewed	  as	  additional	  components	  that	  are	  not	  relevant	  for	  the	  
following	  analysis.	  
	  
Picture	  15.	  Plan	  view	  reconstruction	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Picture	  16.	  Ground	  floor	  plan	  view	  
	  
	  
	  
Picture	  17.	  Raised	  ground	  floor	  plan	  view	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Picture	  18.	  First	  floor	  plan	  view	  
	  
	  
• Reconstruction	   of	   facades:	   given	   pictures	   of	   all	   the	   main	   facades	  
and	   the	   heights	   of	   the	   structure,	   a	   frontal	   reconstruction	   of	   the	  
building	   is	   provided;	   this	   will	   be	   the	   initial	   point	   for	   the	   virtual	  
modelling.	   Pictures	   19,	   20	   and	   21	   provide	   examples	   concerning	  
the	  front	  and	  right	  lateral	  walls:	  in	  particular	  picture	  19	  shows	  the	  
superposition	  of	  plan	  view	  and	  photographical	  data,	  while	  pictures	  
20	   and	   21	   represent	   the	   real	   reconstruction	   of	   the	   facades.	   This	  
kind	  of	  work	  has	  been	  done	  both	   for	   internal	  and	  external	  walls.	  
For	  a	  clearer	  display	  of	  them	  see	  the	  attached	  blueprint	  1.	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Picture	  19.	  Use	  of	  photograph	  to	  orientate	  and	  define	  the	  façade	  reconstruction	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Picture	  20.	  Main	  façade	  reconstruction	  
	  
	  
Picture	  21.	  Lateral	  façade	  reconstruction	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Picture	  22.	  Final	  front	  façade	  
	  
Moreover,	  as	  we	  can	  see	  from	  picture	  22,	  the	  internal	  heights	  have	  been	  even	  
reconstructed	  for	  each	  wall,	  showing	  a	  quite	  irregular	  inner	  arrangement	  as	  
well	  as	  plenty	  of	  gaps:	  this	  will	   lead	  to	  the	  need	  of	  creating	  a	  more	  detailed	  
virtual	  representation	  in	  order	  to	  take	  into	  account	  the	  real	  disposition	  of	  the	  
elements.	  
	  
Eventually,	   a	   check	   of	   thicknesses	   is	   done	   pointing	   out	   that	   walls	   are	  
characterized	  by	  a	  wide	  range	  of	  widths	  (30-­‐65	  cm):	   for	   this	  reason	  we	  set	  
their	  value	  to	  an	  average	  one	  equal	  to	  50	  cm.	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Chapter	  3	  
	  
	  
Stone	  masonry	  and	  its	  properties	  
	  
	  
	  
3.1	  Introduction	  
	  
	  
The	   behaviour	   of	  masonry	   buildings	  within	   a	   seismic	   context	   is	   one	   of	   the	  
most	   important	   and	   interesting	   current	   matters	   given	   the	   wide	   spread	   of	  
historical	  masonry	  structures	  in	  our	  country:	  in	  fact,	  the	  huge	  Italian	  artistic	  
heritage	   is	   still	   mostly	   composed	   by	   such	   constructions	   and	   it	   is	   really	  
essential	  to	  preserve	  them	  to	  make	  them	  last	  as	  much	  as	  possible.	  
	  
Unfortunately,	  the	  high	  level	  of	  seismicity	  of	  Italy	  has	  repeatedly	  represented	  
a	  hard	  curse	  to	  bear	  and,	  now	  more	  than	  ever,	  we	  need	  to	  deeply	  investigate	  
and	  forecast	  any	  possible	  consequence	  of	  this	  kind	  of	  action.	  	  
	  
According	  to	  studies	  conducted	  since	  ‘60s,	  we	  know	  that,	  when	  talking	  about	  
masonry	  structures,	  we	  actually	  refer	   to	  a	  wide	  range	  of	  different	  buildings	  
so	  that	  we	  should	  expect	  different	  kinds	  of	  seismic	  response;	  besides,	   it	  has	  
already	   been	   shown	   that	   this	   variety	   is	   linked	   to	   technological	   aspects	  
generally	  depending	  on	  the	  site	  category,	  historical	  period	  and	  usage.	  	  
	  
Moreover,	   the	   type	   of	   used	  materials	   seems	   to	   be	   fundamental	   in	   order	   to	  
better	  describe	   the	   real	   behaviour	  of	   structures,	   taking	   into	   account	   all	   the	  
possible	  nuances	  that	  different	  strengths	  could	  give	  to	  different	  edifices.	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In	   fact,	   the	   seismic	   performance	   strongly	   depends	   on	   the	   quality	   of	   the	  
structure	   itself	   besides	   the	  kind	  of	   seismic	   action,	   so	   that	   it	   is	  necessary	   to	  
carefully	  investigate	  the	  structural	  type	  as	  well	  as	  design	  process	  and	  detail	  
of	  structural	  elements.	  
For	   instance,	   huge	   and	   critical	   seismic	   events,	   such	   as	   the	   1978’s	   in	   Friuli	  
Venezia	  Giulia	  or	  the	  1997’s	  in	  Umbria	  or	  the	  2002’s	  in	  Molise,	  were	  the	  key	  
point	   to	   actively	   start	   a	   deeper	   investigation	   on	   the	   main	   causes	   of	   such	  
effects;	   in	   particular,	   the	   analysis	   of	   damaged	  masonry	   buildings	   and	   their	  
actual	   capacities	  pointed	  out	   that	   the	  majority	  of	  harms	  were	   connected	   to	  
structures	  whose	  construction	  lacked	  of	  effective	  knowledge	  or	  accuracy.	  As	  
far	  as	  this	  matter	  is	  concerned,	  the	  main	  reasons	  could	  be:	  
	  
• wrong	  structural	  idea	  
• non	  accurate	  design	  project	  
• poor	  material	  quality	  
• mistakes	  during	  the	  execution	  phase	  
• lack	  of	  maintenance	  	  
• changes	  of	  the	  building,	   leading	  to	  a	  static	  scheme	  which	  is	  different	  
from	  the	  initial	  one	  
	  
On	  the	  other	  side,	  masonry	  has	  its	  own	  advantages:	  
	  
• quick	  and	  easy	  execution	  with	  respect	  to	  reinforced	  concrete	  or	  steel	  
structures	  
• great	   ability	   to	   adapt	   to	   different	   environments,	   mostly	   required	  
within	  historical	  city	  centres	  
• high	  durability	  
• very	   good	   performance	   for	   fire	   resistance,	   acoustic	   isolation	   and	  
climate	  changes	  
• cheaper	  than	  reinforced	  concrete	  and	  steel	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Unfortunately,	  there	  are	  even	  some	  disadvantages	  such	  as:	  
	  
• smaller	  compressive	  strength	  than	  concrete’s	  
• brittleness	  
• poor	  ductility	  
• strength	  reduction	  under	  cyclic	  loads	  (such	  as	  seismic	  action)	  
	  
However,	  the	  previous	  negative	  aspects	  could	  be	  at	  least	  mitigate	  throughout	  
a	   careful	   design	   as	   well	   as	   a	   correct	   execution,	   reaching	   a	   state	   where	  
masonry	  structure	  can	  be	  considered	  safe	  even	  in	  highly	  seismic	  sites.	  
	  
	  
3.2	  Masonry	  and	  its	  properties	  
	  
	  
Masonry	  is	  the	  very	  first	  composite	  material	  used	  for	  constructions:	  in	  fact,	  it	  
is	   made	   of	   brick	   or	   stone	   and	   mortar	   and	   it	   is	   characterized	   by	   global	  
properties,	   which	   are	   the	   result	   of	   the	   combination	   of	   its	   components’.	  
Moreover,	  because	  of	  such	  an	   internal	  structure,	  masonry	   is	  nothing	  but	  an	  
anisotropic	  material	  with	   prevailing	   sliding	   directions:	   for	   this	   reason,	   it	   is	  
important	  to	  carefully	  estimate	  the	  consistency	  of	  all	  components.	  	  
	  
First	   of	   all,	   the	   geometry	   and	   the	   disposition	   of	   the	   stones	   represent	   the	  
greatest	  parameter	  in	  order	  to	  assess	  whether	  the	  quality	  is	  good	  or	  not:	  for	  
instance,	  if	  the	  stones’	  dimensions	  are	  such	  that	  they	  occupy	  a	  big	  part	  of	  the	  
thickness,	  we	  can	  immediately	  assume	  a	  satisfactory	  quality.	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Picture	  23.	  Different	  kind	  of	  transversal	  sections	  
	  
According	  to	  what	  has	  been	  previously	  said,	  one	  of	  the	  most	  dangerous	  pities	  
of	   a	   masonry	   wall	   is	   the	   lack	   of	   a	   transversal	   monolithic	   structure:	   this	  
generally	   happens	   when	   the	   wall	   is	   made	   of	   little	   pebbles	   (see	   the	   right	  
image	   in	   picture	   23)	   or	   it	   is	   filled	   by	   disorganised	   elements	   between	   two	  
external	   organised	   facades.	   Eventually,	   this	   aspect	   leads	   to	   an	   increase	   in	  
wall’s	   brittleness	   when	   it	   is	   subjected	   to	   external	   forces	   orthogonal	   to	   the	  
wall’s	  plane.	  
	  
	  
3.2.1	  Characteristics	  of	  the	  elements	  of	  masonry	  
	  
	  
When	   talking	   about	   masonry	   we	   generally	   refer	   to	   a	   material	   made	   by	  
resistant	  elements	  characterised	  by	  different	  kind	  of	  shape	  and	  connected	  or	  
not	  in	  different	  ways.	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Basically,	  these	  resistant	  elements	  can	  be	  made	  of:	  
	  
• stone	  
• brick	  
• concrete	  
	  
Moreover,	  the	  most	  common	  shape	  currently	  used	  is	  parallelepiped,	  while,	  if	  
present,	  the	  connection	  is	  made	  of	  mortar.	  	  
	  
	  
3.2.2	  Mortar	  
	  
Mortar	   is	  mixture	   of	  water,	   sand	   and	   a	   bonding	  material;	   in	   particular,	   the	  
latter	  is	  the	  one	  that	  states	  the	  kind	  of	  mortar:	  the	  most	  common	  are	  cement,	  
hydraulic	   lime,	   hydrate	   lime	   and	   pozzolan.	   Moreover,	   additives	   can	   be	  
included	   in	   order	   to	   get	   better	   performances	   such	   as	   pliability	   and	  
waterproofing.	  	  
	  
As	  far	  as	  the	  Italian	  regulations	  are	  concerned,	  we	  can	  have	  different	  classes	  
for	  mortar	  according	  to	  their	  mean	  compressive	  strength	  fm:	  
	  
• M1	  with	  fm	  ≥	  12	  N/mm2	  
• M2	  with	  fm	  ≥	  8	  N/mm2	  
• M3	  with	  fm	  ≥	  5	  N/mm2	  
• M4	  with	  fm	  ≥	  2,5	  N/mm2	  
	  
For	  each	  class	  the	  relative	  composition	  as	  well	  as	  the	  volumetric	  proportions	  
of	  sand	  and	  binder.	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When	   dealing	   with	   massive	   structures,	   the	   hardening	   of	   mortar	   is	   not	   a	  
homogeneous	   process	   due	   to	   the	   problem	   of	   water	   evaporation	   in	   the	  
deepest	   parts:	   such	   situation	   causes	   a	   strength	   reduction	   because	   of	   the	  
creation	  of	  coactive	  states	  within	  the	  mortar.	  In	  this	  case,	  as	  the	  constructors	  
of	  the	  past	  knew	  very	  well,	  it	  is	  necessary	  to	  leave	  each	  layer	  exposed	  to	  air	  
to	  allow	  its	  full	  grip.	  
	  
Finally,	  we	  should	  pay	  attention	  to	  the	  behaviour	  of	  the	  mortar	  in	  the	  joints	  
since,	  due	  to	  environmental	  attacks,	  these	  zones	  are	  the	  most	  vulnerable	  with	  
consequent	  reduction	  of	  the	  masonry’s	  thickness.	  
	  
	  
3.3.3	  Stone	  
	  
Stone	  masonry	  was	  widely	  used	  in	  the	  past	  thanks	  to	  the	  low	  cost	  of	  work;	  it	  
can	  be	  generally	  subdivided	  in:	  
	  
• Squared	  stone	  masonry:	  characterised	  by	  great	  resistance,	  it	  is	  made	  of	  
adjusted	  units	  linked	  by	  metallic	  bolts	  
• Masonry	  with	  squared	  stone	  cover:	  externally	  made	  of	  squared	  stone,	  
while	  lower	  quality	  materials	  were	  used	  for	  the	  inner	  part	  
• “Faccia	  vista”	  masonry:	  internally	  made	  of	  bricks	  or	  concrete,	  while	  
externally	  made	  of	  irregular	  stones	  
• Tuff	  stone	  covered	  masonry:	  cheap	  and	  easy	  to	  construct,	  it	  is	  generally	  
used	  for	  small	  buildings	  or	  for	  overheads	  
• Ordinary	  stone	  masonry:	  it	  is	  carried	  out	  without	  any	  particular	  care	  
from	  an	  aesthetic	  point	  of	  view;	  generally	  made	  of	  irregular	  units,	  
which	  will	  be	  covered	  by	  plaster.	  	  
• Mixed	  masonry:	  bricks	  are	  used	  to	  fill	  the	  voids	  between	  stones.	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However,	  according	  to	  NTC	  2008	  (Par.	  7.8.1.2),	  non-­‐squared	  stone	  masonry	  
can	  be	  used	  only	  in	  sites	  belonging	  to	  zone	  4,	  which	  is	  the	  one	  with	  the	  lowest	  
seismic	  risk.	  
	  
As	  far	  as	  the	  case	  study	  is	  concerned,	  investigations	  on	  field	  revealed	  that	  the	  
most	   likely	  kind	  of	  masonry	   is	   the	  mixed	   type:	  as	  we	  can	  see	   in	  picture	  24,	  
stones	  are	  not	  squared,	  actually	  characterised	  by	  a	  very	  irregular	  texture.	  
	  
	  
Picture	  24.	  Example	  of	  mixed	  masonry	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On	  the	  other	  hand,	  brick	  elements	  are	  poor	  in	  number	  and	  basically	  placed	  in	  
concentrate	   areas	   (around	   windows)	   or	   just	   represent	   the	   presence	   of	  
previous	  openings	  that	  are	  now	  closed.	  
	  
	  
	  
Picture	  25.	  Example	  of	  ordinary	  masonry	  
	  
Furthermore,	  we	  can	  even	  find	  ordinary	  stone	  masonry:	  picture	  25	  shows	  the	  
adjustment	   of	   differently	   shaped	   stones	   spaced	   out	   by	   very	   thin	   mortar	  
layers.	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Chapter	  4	  
	  
A	  non-­‐linear	  static	  analysis:	  the	  Pushover	  
analysis	  
	  
	  
4.1	  Introduction	  
	  
	  
The	  forecast	  of	  the	  seismic	  response	  of	  a	  structure	  requires	  some	  tools	  for	  a	  
dynamic	   non	   linear	   analysis,	   which,	   on	   its	   side,	   means	   the	   integration	   of	  
equations	   of	  motion	   of	   a	  MDOF	   (multi	   degrees	   of	   freedom)	   system;	   such	   a	  
procedure	  seems	  too	  expensive	  and	  complex	  so	  that	  a	  different	  approach	  has	  
been	  introduced:	  namely,	  a	  non	  linear	  static	  analysis.	  	  
This	   kind	   of	  method	  has	   two	  main	   advantages:	   being	   a	   static	   analysis,	   it	   is	  
simple	   and	   really	   straightforward;	   moreover,	   it	   gives	   realistic	   and	   reliable	  
results.	  
	  
As	   far	   as	   its	   principles	   are	   concerned,	   there	   are	   two	   key	   points	   that	  
characterise	  this	  process:	  
	  
• Definition	   of	   a	   force-­‐displacement	   relation,	   given	   by	   the	   so-­‐called	  
pushover	  analysis:	  the	  capacity	  curve	  
• Assessment	   of	   the	   maximum	   displacement	   of	   the	   structure	   after	   a	  
seismic	  event	  defined	  by	  means	  of	  an	  elastic	  response	  spectrum:	  the	  
functioning	  point.	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4.2	  Pushover	  analysis	  
	  
	  
The	   pushover	   analysis	   allows	   expressing	   the	   behaviour	   of	   the	   structure	   by	  
means	   of	   a	   monodimensional	   relationship:	   this	   is	   nothing	   but	   a	  
transformation	   of	   the	   initial	  MDOF	   system	   into	   an	   equivalent	   SDOF	   (single	  
degree	  of	  freedom).	  
The	  general	  scheme	  of	  this	  approach	  can	  be	  defined	  as	  follows:	  
	  
1. Demand:	  definition	  of	  response	  spectrum	  which	   is	  compatible	   to	   the	  
local	  seismic	  activity	  
2. Capacity:	   creation	   of	   a	   MDOF	   model,	   thus	   performing	   the	   real	  
pushover	  analysis	  
3. Response:	   generation	   of	   the	   equivalent	   SDOF	   system	   and	   relative	  
reaction;	  eventually	  this	  system	  have	  to	  be	  reconverted	  into	  a	  MDOF	  
4. Verification:	  definition	  of	  the	  global	  performance	  of	  the	  structure.	  
	  
The	  pushover	  analysis,	  in	  this	  sense,	  works	  as	  a	  non	  linear	  static	  procedure:	  
in	   practice,	   we	   literally	   push	   the	   structure	   to	   its	   collapse	   point	   or	   until	   a	  
control	  deformation	  parameter	  is	  reached.	  Moreover,	  such	  a	  “pushing	  action”	  
is	  defined	  by	  incrementally	  applying	  (in	  a	  monotonic	  way)	  a	  design	  forces	  or	  
displacements	   profile	   (method	   of	   incremental-­‐iterative	   solution	   of	   the	   static	  
equilibrium	  equations).	  
	  
As	   an	   example,	   let’s	   take	   a	   SDOF	   system	   (picture	   26)	   idealized	   as	   a	  
concentrate	   mass	   m	   supported	   by	   a	   massless	   element	   with	   k	   as	   lateral	  
stiffness	  and	  linked	  to	  a	  damping	  element	  (no	  mass	  and	  no	  stiffness).	  In	  this	  
case,	  the	  deformed	  shape	  is	  defined	  by	  only	  one	  parameter,	  which	  can	  be,	  for	  
instance,	  the	  mass	  displacement	  with	  respect	  to	  the	  ground	  (Dt).	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Picture	  26.	  Schematization	  of	  a	  SDOF	  system	  
	  
In	  such	  simple	  situations,	  the	  pushover	  analysis	  requires	  the	  application	  of	  a	  
displacement	   D	   or	   force	   F	   system	   to	   the	   mass,	   gradually	   increasing	   their	  
moduli	   in	   the	   direction	   of	   the	   only	   degree	   of	   freedom	   available.	   A	  
mathematical	  representation	  can	  be:	  
	  
D =αd 	  	  	  	  (4.1)	  
	  
F = β f 	  	  	  	  (4.2)	  
	  
So,	   once	   d	   or	   f	   values	   have	   been	   arbitrarily	   set,	   the	  multipliers	  α	   or	   β	   are	  
increased	  until	  we	  have	  a	  complete	  view	  of	  the	  response	  domain.	  
Moreover,	   the	   behaviour	   of	   the	   structure	   is	   defined	   throughout	   a	   force-­‐
displacement	  relationship	  where	  the	  force	  is	  equal	  to	  the	  base	  shear	  force	  Vb	  
and	  the	  displacement	  is	  equal	  to	  mass’s	  one	  Dt.	  
	  
Moving	   to	   a	   MDOF	   system,	   a	   horizontal	   forces	   or	   displacements	   profile	   is	  
applied	  at	  each	   floor	  (picture	  27)	  and	  we	  need	   to	  select	  only	  one	   force	  and	  
displacement	  parameter,	  whose	  choice	  is	  not	  univocal;	  generally	  base	  shear	  
force	  and	  displacement	  of	  the	  centre	  of	  mass	  of	  the	  highest	  floor	  are	  taken.	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Picture	  27.	  Scheme	  of	  a	  MDOF	  system	  
	  
In	  this	  case,	  we	  set	  a	  displacement	  of	  forces	  profile	  as	  follows:	  
	  

D =α

d =	  (D1	  D2	  …	  Df	  …	  Dn)T	  	  	  	  (4.3)	  

F = β

f 	  =	  (F1	  	  F2	  …	  Ff	  …	  Fn)T	  	  	  	  	  (4.4)	  
	  
where	  

d =(d1	   d2	  …	   df	   …	   dn)T	   and	   	   	   	  

f =(f1	   f2	  …	   ff	   …	   fn)T	   ,	   while	  Di =αdi is	   the	  
displacement	  at	  the	  ith	  floor	  and	  Fi = β fi is	  the	  force	  at	  the	  ith	  floor.	  
	  
However,	   there	   are	   some	   doubts	   about	   which	   parameter	   choose	   as	   a	  
reference	  between	   force	  and	  displacement:	   generally,	   the	   force	  approach	   is	  
advised	  because	  of	  its	  simplicity	  of	  being	  implemented.	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4.2.1	  Capacity	  curve	  
	  
	  
The	   capacity	   curve	   represents	   the	   structure’s	   ability	   to	   resist	   a	   certain	  
seismic	   action;	   it	   can	   be	   displayed	   on	   a	   Cartesian	   plane	   where	   the	   x	   axis	  
stands	  for	  displacement	  of	  the	  upper	  floor’s	  centre	  of	  mass,	  while	  the	  y	  axis	  
stands	  for	  the	  increasing	  base	  shear	  force.	  
	  
For	  a	  SDOF	  system,	  the	  trend	  of	  the	  capacity	  curve	  depends	  on	  the	  stiffness	  k	  	  
or	  on	  the	  flexibility	  k	  -­‐1	  of	  the	  structure	  itself,	  characteristics	  that	  depend,	  in	  
turn,	  on	  geometrical	  and	  mechanical	  properties	  of	  the	  system:	  
	  
	  	  	  	  (4.5)	  
	  	  	  	  (4.6)	  
	  
Picture	  28	  shows	  three	  typical	  capacity	  curves	  where	  three	  main	  post-­‐elastic	  
behaviours	  are	  represented:	  hardening	  (i),	  perfect	  (p)	  and	  softening	  (d).	  
	  
	  
Picture	  28.	  Capacity	  curves	  of	  a	  real	  system	  
	  
A	   similar	   trend	   is	   gained	  when	   dealing	  with	  MDOF	   systems	  with	   an	   initial	  
linear	  stroke	  followed	  by	  a	  curved	  non-­‐linear	  one.	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Finally,	  it	  is	  important	  to	  clarify	  a	  peculiarity	  of	  this	  kind	  of	  curve:	  it	  defines	  
the	  structure’s	  capacity	  notwithstanding	  any	  particular	  seismic	  requirement.	  
Furthermore,	  once	  a	  seismic	  action	  is	  given,	  the	  intersection	  between	  the	  two	  
would	  indicate	  the	  exact	  response	  of	  the	  structure	  to	  that	  action.	  
	  
	  
4.2.2	  Linearization	  of	  the	  capacity	  curve	  
	  
	  
The	  previous	  task	  can	  be	  simplified	  by	  a	  linearization	  of	  the	  capacity	  curve	  by	  
means	  of	  bilinear	  or	  trilinear	  approximations	  as	  shown	  in	  picture	  29.	  
	  
	  
Picture	  29.	  Bilinear	  (left)	  and	  trilinear	  (right)	  linearization	  of	  the	  capacity	  curve	  of	  a	  real	  
system	  
	  
As	  a	  general	   rule,	  we	  can	  say	   that	   the	  closer	   the	   linear	  stroke	   is	   to	   the	  real	  
curved	  trend,	  the	  more	  accurate	  is	  the	  approximation.	  
The	   system	   behaviour	   can	   be,	   then,	   visualized	   as	  made	   of	   an	   initial	   linear	  
elastic	  part	  until	   yielding	   and	  a	  post-­‐elastic	   trend,	  which	   can	  be	  hardening,	  
perfect	  or	  softening	  (picture	  30).	  Notice	  that	  such	  a	  representation	  allows	  to	  
immediately	   identify	   the	   yielding	   resistance	  Fy,	   the	   stiffness	  k	   and	   the	  post	  
elastic	  stiffness	  kp	  =	  pke.	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Picture	  30.	  Schematization	  of	  hardening	  (i),	  perfect	  (p)	  and	  softening	  (d)	  trend	  
	  
In	   CSM	   (ATC-­‐40)	   the	   bilinear	   representation	   is	   linked	   to	   a	   presumed	  
functioning	   point	   PP	   and	   it	   is	   based	   on	   a	   energy	   equivalence	   criterion:	   the	  
first	  part	  of	  the	  bilinear	  curve	  is	  a	   line	  passing	  trough	  the	  origin	  and	  with	  a	  
slope	  defined	  by	   the	   initial	   stiffness,	  while	   the	  second	  part	   is	  a	   line	  passing	  
trough	  PP	  and	  having	  a	  slope	  such	  that	   the	  area	  under	  the	  bilinear	  curve	   is	  
equal	  to	  the	  one	  under	  the	  capacity	  curve	  (see	  A1	  and	  A2	  in	  picture	  31).	  
	  
	  
Picture	  31.	  Representation	  of	  a	  bilinear	  capacity	  curve	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Chapter	  5	  
	  
	  
Capacity	  Spectrum	  Method	  (C.S.M.)	  
	  
	  
	  
5.1	  C.S.M.	  description	  	  
	  
	  
The	   Capacity	   Spectrum	  Method	   is	   now	   used	   in	   order	   to	   assess	   the	   seismic	  
vulnerability	   of	   the	   analysed	   structure,	  whose	  performance	   is	   described	  by	  
the	  capacity	  curve	  (see	  chapter	  4	  and	  6).	  
In	  particular,	  this	  method	  provides	  general	  rules	  to	  get	  the	  so-­‐called	  demand	  
spectra,	   which	   are	   nothing	   but	   the	   curves	   representing	   possible	   seismic	  
events	   according	   to	   the	   location	   and	   type	   of	   soil;	   once	   these	   graphs	   are	  
defined,	  the	  superposition	  between	  seismic	  demand	  and	  structure’s	  capacity	  
allows	  to	  assess	  whether	  the	  building	  is	  safe	  or	  not.	  
The	  generic	  structure	  of	  such	  method	  has	  been	  reformulated	  by	  Fajfar	  (2000)	  
after	  being	  introduced	  by	  Freeman:	  the	  latter	  is	  used	  in	  American	  regulations	  
(ATC	  40),	  while	  Italian’s	  refer	  to	  the	  first	  one	  as	  well	  as	  Eurocode	  8.	  
Basically,	   the	   described	   procedure	   aims	   at	   developing	   a	   unique	   diagram	  
representing	   the	   earthquake	   demand	   starting	   from	   acceleration	   (or	  
displacement)	  spectrum;	  actually,	  we	  deal	  with	  pseudo-­‐acceleration,	  which	  is	  
more	   or	   less	   equivalent	   to	   acceleration	   within	   civil	   engineering,	   especially	  
when	   dealing	   with	   masonry.	   The	   result	   is	   given	   in	   terms	   of	   Demand	  
Spectrum:	   the	   x	   axis	   stands	   for	   displacement,	   while	   the	   y	   axis	   we	   find	   the	  
acceleration	  spectrum	  (picture	  32).	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Picture	  32.	  Capacity	  Spectrum	  Method	  
	  
We	  notice	   that	   the	  period	   is	  not	  explicitly	  displayed,	  even	   if	   it	   is	  one	  of	   the	  
first	  parameter	  to	  be	  set.	   In	  fact,	  spectra	  are	  generally	  defined,	  according	  to	  
the	  soil	  type,	  by	  means	  of	  values	  of	  periods	  defining	  their	  shapes.	  
In	   particular,	   the	   Italian	   norm	   dictates	   the	   formulas	   describing	   the	  
accelerograms	  (really	  close	  to	  Eurocode	  8’s):	  
	  
	  (5.1)	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where	  S	  takes	  into	  account	  the	  stratigraphic	  profile	  of	  the	  foundation’s	  soil,	  η	  
depends	  on	  the	  damping	  (η=1	  for	  5%	  viscous	  damping	  )	  and	  ag	  on	  the	  seismic	  
category.	  
Moreover,	   there	   is	  a	  straight	  relationship	  between	   the	  spectral	  acceleration	  
SA	  and	  the	  spectral	  displacement	  SD:	  
	  
SA =
2π
T
!
"
#
$
%
&
2
SD 	  	  	  	  (5.2)	  
	  
	  
	  
	  
Picture	  33.	  Relationship	  between	  spectral	  acceleration	  and	  spectral	  displacement	  
	  
	  
Furthermore,	  it	   is	  possible	  to	  display	  the	  capacity	  spectrum	  of	  the	  structure	  
within	   a	   (SA	  	   -­‐	   SD)	   plane	   by	   converting	   the	   forces	   (sum	   of	   reactions	   in	   the	  
chosen	   direction)	   and	   displacements	   (horizontal	   displacement	   of	   a	   control	  
point	  in	  the	  chosen	  direction).	  The	  capacity	  curve	  is	  nothing	  but	  the	  result	  of	  
the	  non-­‐linear	  static	  analysis;	   in	   this	  case,	  we	  deal	  with	  a	  particular	  kind	  of	  
static	  analysis,	  which	  is	  the	  pushover	  analysis	  (Chapter	  4):	  we	  are,	  then,	  able	  
to	   follow	   the	   trend	  of	   the	   capacity	  of	   the	   structure	  even	  after	   its	  maximum	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resistance	  has	  been	  reached.	  A	  further	  simplification	  can	  be	  eventually	  done	  
in	  order	  to	  obtain	  a	  bilinear	  representation	  of	  the	  capacity	  curve	  so	  that	  only	  
the	  two	  main	  behaviours	  are	  visualized:	  the	  elastic	  and	  the	  plastic	  ones.	  
Finally,	   it	   is	   necessary	   to	   reduce	   the	   demand	   when	   the	   structure	   gains	   a	  
higher	  dissipative	   feature	   since	   the	  non-­‐linear	   field	   is	   entered;	   in	   this	   case,	  
the	  reduction	  can	  be	  made	  in	  two	  different	  ways:	  by	  means	  of	  an	   increased	  
equivalent	   viscous	   damping	   coefficient	   (elastic	   over	   damped	   response	  
spectrum)	   or	   by	   using	   reduction	   factors	   depending	   on	   the	   global	   ductility	  
(inelastic	   response	   spectrum).	   Generally	   the	   Italian	   regulations	   suggest	   the	  
second	  approach,	  while	  the	  first	  is	  allowed	  only	  for	  masonry	  structures.	  
	  
5.2	  Demand	  Spectra:	  elastic	  and	  inelastic	  
	  
	  
As	   previously	   said,	   the	   reduction	   of	   the	   seismic	   demand	   is	   due	   to	   the	   fact	  
that,	   once	   a	   structure	   enters	   the	  non-­‐linear	   field,	   it	   is	   capable	   of	   absorbing	  
part	   of	   the	   energy	   transmitted	   by	   the	   earthquake:	   this	   kind	   of	   behaviour,	  
which	   is	   cyclic,	   is	   directly	   linked	   to	   the	   concept	   of	   ductility.	   The	   latter	   is	  
crucial	  when,	  due	  to	  the	  crossing	  of	  the	  elastic	  limit,	  structures	  get	  damaged	  
and,	  in	  order	  to	  bear	  the	  seismic	  excitation,	  they	  rely	  on	  their	  own	  capacity	  of	  
non-­‐linear	  deformation	  instead	  of	  their	  strength.	  
This	   effect	   is	   taken	   into	   account	   by	   reducing	   the	   ordinates	   of	   the	   response	  
spectra	  for	  acceleration	  and	  displacement;	  there	  can	  be	  different	  ways	  to	  do	  
that,	   but	   all	   of	   them	   are	   based	   on	   the	   post-­‐elastic	   features	   of	   the	   building	  
(pushover	  analysis).	  
	  
As	  far	  as	  this	  matter	  is	  concerned,	  we	  know	  that	  the	  elastic	  response	  spectra	  
for	   acceleration	   and	   displacement	   for	   a	   given	   earthquake	   represent	   the	  
maximum	   demand	   of	   absolute	   acceleration	   and	   relative	   displacement	   for	  
SDOF	   systems	   characterised	   by	   indefinitely	   linear	   elastic	   constitutive	   law,	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same	  viscous	  damping	  and	  variable	  vibration	  period:	  such	  curves	  represent	  
the	  starting	  point	  for	  all	  the	  next	  steps.	  Besides,	  if	  the	  ductility	  is	  known	  from	  
the	   beginning,	  we	   can	   decide	   to	   use	   it	   in	   order	   to	   get	   the	   spectra	   reduced	  
according	  to	  the	  following	  relations:	  
	  
R(µ,T ) =1+ (µ −1) T
Tc
,	  	  	  	  T<TC	  	  	  	  (5.3)	  
R(µ,T ) = µ ,	  	  	  	  T>TC	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.4)	  
	  
	  
Given	  the	  previous,	  the	  inelastic	  spectra	  with	  constant	  ductility	  are	  evaluated	  
from	  the	  elastic	  ones	  by	  means	  of:	  
	  
SAa (T,µ) =
SAe(T )
R(µ,T )
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.5)	  
SDa (T,µ) =
µ
Rµ
SDe(T ) =
µT 2
4π 2
SAa (T,µ) 	  	  	  	  (5.6)	  
	  
where	   SAa(T,μ)	   and	   SDa(T,μ)	   are,	   in	   order,	   the	   inelastic	   responses	   for	  
acceleration	  and	  displacement.	  
	  
Alternatively,	  we	  can	  define	  an	  equivalent	  viscous	  damping	  coefficient	  which	  
simulate	  the	  energy	  dissipation	  of	  the	  structure;	  in	  this	  case,	  according	  to	  the	  
Italian	  regulations,	  the	  elastic	  spectrum	  is	  modified	  by	  means	  of	  the	  following	  
coefficient:	  
	  
η =
10
5+ξ
	  	  	  	  (5.7)	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Picture	  34.	  Inelastic	  response	  spectra	  for	  constant	  ductility	  in	  SD-­‐SA	  plane	  
	  
	  
where	  ξ	  stands	  for	  the	  percentage	  of	  the	  visco-­‐elastic	  damping	  with	  respect	  
to	   the	   critical	   value:	   generally,	   the	   5%	   is	   assumed	   for	   RC	   and	   masonry	  
structures	  so	  that	  η=1.	  
As	  we	  will	   see	   in	  next	  paragraphs,	   the	  method	   implied	   for	   the	  current	  case	  
study	  is	  the	  second	  one.	  
	  
5.3	  Fajfar’s	  method	  according	  to	  the	  new	  seismic	  regulation	  
	  
	  
The	   main	   goal	   of	   the	   method	   is	   the	   determination	   of	   the	   maximum	  
displacement	  of	   the	  structure	  after	  a	  specific	  seismic	  event	  has	  occurred	  by	  
means	  of	  the	  superposition	  of	  the	  capacity	  curve	  and	  the	  reduced	  spectrum.	  	  
A	   brief	   explanation	   of	   the	   procedure	   is	   now	   provided	   in	   order	   to	   better	  
understand	  which	  are	  its	  key	  steps:	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1. Evaluation	   of	   Γ	   and	  m*:	   they	   are	   called	   participation	   coefficient	   and	  
participation	  mass	  and	  both	  are	  referred	  to	  the	  control	  node,	  which	  is	  
generally	   taken	   as	   the	   centre	   of	   mass	   of	   the	   highest	   floor;	   from	   a	  
numerical	   point	   of	   view,	   we	   need	   to	   perform	   an	   elastic	   analysis	   by	  
setting	   a	   modal	   forces	   field	   (or,	   more	   often,	   forces	   proportional	   to	  
masses	   times	  heights)	   and	   to	  evaluate	   the	  displacement	  vector	  Φ	  so	  
that:	  
	  
Γ =
miΦi∑
miΦ
2
i∑
	  	  	  	  (5.8)	  
m* = miΦi∑ 	  	  	  	  (5.9)	  
	  
2. Pushover	  analysis:	  once	  the	  force	  distribution	  is	  assigned,	  a	  pushover	  
analysis	   is	   performed	   obtaining	   a	   base	   shear-­‐control	   node’s	  
displacement	  curve.	  Such	  curve	  would	  be	  stopped	  once	  the	  strength	  is	  
decreased	  by	  20%.	  	  
3. Bilinear	  simplification	  1:	  assuming	  that	  the	  elastic	  part	  of	  the	  bilinear	  
curve	  crosses	  the	  capacity	  curve	  when	  70%	  of	  strength	  is	  reached,	  we	  
can	  even	  define	  the	  equivalent	  stiffness	  as:	  
k* = F70%
d70%
	  	  	  	  (5.10)	  
	  
4. Bilinear	   simplification	   2:	   the	   flat	   part	   of	   the	   bilinear	   is	   given	   by	   the	  
value	   of	   Fy,	   which	   is	   computed	   by	   setting	   the	   equality	   between	   the	  
area	  under	  the	  bilinear	  and	  the	  area	  under	  the	  pushover	  curve:	  
	  
Fy = du − du
2 − 2 Area
k*
"
#
$
%
&
'k* 	  	  	  	  (5.11)	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Picture	  35.	  General	  scheme	  for	  the	  evaluation	  of	  the	  equivalent	  bilinear	  curve	  
	  
5. Normalization	  of	  the	  bilinear	  curve:	  the	  bilinear	  curve	  is	  normalized	  by	  
dividing	  both	   force	  and	  displacement	  by	  Γ	  and	  getting	   the	  values	  F*y	  
and	  d*u.	  
	  
6. Seismic	   demand	   in	   AD	   format:	   starting	   from	   the	   usual	   acceleration	  
spectrum	  (obtained	  once	  soil	  and	  location	  parameter	  has	  been	  set)	  in	  
acceleration	  versus	  period	  format,	  inelastic	  spectrum	  is	  determined	  in	  
acceleration-­‐displacement	  (AD)	  format.	  Moreover,	  for	  an	  elastic	  SDOF	  
system	  we	  can	  evaluate	  the	  elastic	  displacement	  SDe	  correspondent	  to	  
the	  elastic	  acceleration	  SAe	  by	  means	  of	  the	  5.2,	  while	  for	  an	  inelastic	  
SDOF	   system	   the	   acceleration	   spectrum	   SAa	   and	   the	   displacement	  
spectrum	  SDa	  are	  evaluated	  in	  the	  5.5	  and	  5.6.	  Starting	  from	  the	  elastic	  
design	  spectrum	  and	  using	  the	  previous	  equations,	  we	  get	  the	  elastic	  
design	   spectrum	   in	   the	   AD	   format;	   eventually,	   its	   reduction	   is	  
performed	  by	  means	  of	  R(μ,T)	  (see	  5.3	  and	  5.4)	  coefficients.	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7. Performance	   evaluation:	   expected	   performance	   is	   assessed	   by	  
superposition	   of	   seismic	   demand	   and	   capacity	   curve	   so	   that	   a	  
comparison	  between	  their	  displacement	  values	  is	  possible.	  
	  
	  
	  
	  
Picture	  36.	  Elastic	  and	  inelastic	  spectra	  and	  bilinear	  capacity	  curve	  
	  
Looking	  at	  picture	  36,	  we	  see	   that	  T*	   represents	   the	  period	  associated	  with	  
the	  bilinear	  capacity	  curve:	  
	  
T * = 2π m
*
k*
	  	  	  	  (5.12)	  
	  
The	   displacement	   demand	   for	   the	   inelastic	   spectrum	   can	   be	   evaluated	  
according	   to	  T*	  eventually	   getting	   d*max	  so	   that	   the	  maximum	   displacement	  
required	  for	  the	  real	  system	  is:	  
	  
dmax = Γd
*
max 	  	  	  	  (5.13)	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Chapter	  6	  
	  
	  
Structural	  modelling	  and	  analysis	  
	  
	  
	  
6.1	  Software	  and	  main	  assumptions	  
	  
	  
The	  analysis	  of	  the	  structure	  is	  performed	  by	  means	  of	  a	  mathematical	  model	  	  
the	  finite	  element	  theory;	  for	  this	  purpose	  software	  Straus7	  is	  used,	  which	  is	  
the	  European	  equivalent	  of	  the	  American	  Strand7,	  developed	  by	  Strand7	  Pty	  
Ltd.	  The	  peculiarity	  of	  such	  software	  is	  being	  able	  to	  perform	  different	  kind	  
of	  analysis	  suitable	  for	  almost	  any	  engineering	  field.	  
In	  this	  particular	  case	  some	  assumptions	  have	  been	  initially	  set:	  
	  
• non-­‐structural	  masses	  are	  neglected	  	  
• foundations	   are	   simulated	   as	   non	   linear	   spring	   that	   do	   not	   resist	  
traction	   in	   order	   to	   better	   describe	   the	   real	   behaviour	   of	   the	   walls	  
under	  horizontal	  loads	  
• masonry	   has	   been	   defined	   as	   a	   homogeneous	   material	   whose	  
characteristics	  depend	  on	  those	  of	  mortar	  and	  stone	  
• Mohr-­‐Coulomb	   collapse	   criterion	   has	   been	   selected	   to	   represent	  
masonry.	  
	  
The	  latter	  will	  be	  better	  clarified	  in	  the	  next	  paragraph.	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6.1.1	  Mohr-­‐Coulomb	  collapse	  criterion	  
	  
	  
In	  order	   to	  avoid	   some	   issues	   related	   to	   the	   representation	  of	  materials	  by	  
means	   of	   certain	   collapse	   criteria	   such	   as	   Turnsek	   and	   Cacovic’s	   [Turnsek	  
and	   Cacovic,	   1971],	   new	   formulations	   were	   provided	   and,	   in	   particular,	  
Mohr-­‐Coulomb	  criterion	  is	  still	  one	  of	  the	  most	  used.	  
This	  kind	  of	  method	  is	  really	  useful	  since	  it	  takes	  into	  account	  a	  failure	  due	  to	  
slipping	   and	  not	   only	   to	  diagonal	   cracking:	   such	   a	   behaviour	   is,	   in	   fact,	   the	  
one	  we	  should	  expect	  during	  experimental	  tests	  on	  masonry.	  	  
	  
Mohr-­‐Coulomb	  criterion	  evaluates	  masonry’s	  shear	  resistance	  as	  follows:	  
	  
|τ |= c+µσ 	  	  	  	  (6.1)	  
	  
where	  c	  and	  μ	  are	  cohesion	  and	  friction	  coefficient	  for	  masonry,	  while	  σ	  and	  τ	  
are	  normal	  and	  tangential	  stresses.	  As	  specified	  in	  the	  previous	  relation,	  the	  
criterion	  itself	  assumes	  that	  the	  slipping	  happens	  when,	  at	  least	  on	  one	  plane,	  
the	   modulus	   of	   the	   tangential	   stress	   τ	   is	   equal	   to	   a	   limit	   value,	   which	   is	  
linearly	  dependent	  to	  normal	  stress.	  
Such	  a	  criterion	  is	  strongly	  linked	  to	  the	  value	  of	  the	  normal	  stress	  σ	  and	  this	  
aspect	  is	  one	  of	  the	  main	  differences	  from	  other	  methods.	  
	  
	  
Picture	  37.	  Limit	  lines	  	  and	  tangent	  circle	  according	  to	  Mohr-­‐Coulomb	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As	  shown	  in	  picture	  37,	  the	  Coulomb	  relationship	  can	  be	  represented	  within	  
the	  Mohr	  plane	  by	  means	  of	  three	  lines	  whose	  equations	  are:	  
	  
σ II −σ I = ±σ s 	  	  	  	  	  σ III −σ I = ±σ s 	  	  	  	  	  σ III −σ II = ±σ s 	  	  	  (6.2)	  
	  
where	  σI	   ,	  σII	  and	  σIII	  are	  principal	  stresses	  and	  σs	  is	  the	  yielding	  stress.	  The	  
limit	   stress	   states	   are	   those	   referring	   to	   the	   maximum	   circles,	   which	   are	  
tangent	  to	  the	  two	  lines	  in	  picture	  37.	  Recalling	  that	  the	  maximum	  radius	  is:	  
	  
R =
σ I −σ III( )
2
	  	  	  	  (6.3)	  
	  
we	  can	  geometrically	  express	  the	  criterion	  in	  the	  form:	  
	  
R = σ T − σ( )sinϕ 	  	  	  	  (6.4)	  
	  
where:	  
	  
σ =
σ I +σ III( )
2
	  	  	  	  and	  	  	  	  σ T =
c
tanϕ
	  	  	  	  (6.5)	  
	  
so	  that	  we	  can	  finally	  write:	  
	  
1
2
σ I −σ III( ) =
1
2
σ I +σ III( )sinϕ + cosϕ 	  	  	  	  (6.7)	  
	  
Differently	   form	  Tresca	   criterion,	   Coulomb’s	  makes	   the	   collapse	  depend	  on	  
the	  hydrostatic	   tension	  throughout	   the	  term	   σ I +σ II( ) :	   the	  two	  of	   them	  are	  
equal	  if	  and	  only	  if	  the	  angle	  of	  friction	  φ	  is	  null.	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Furthermore,	  in	  the	  space	  of	  principal	  stresses	  (0,	  σI	   ,	  σII	   ,	  σIII)	  the	  condition	  
must	  be	  expressed	  	  by	  all	  its	  possible	  combinations:	  
	  
	  	  	  	  (6.8)	  
	  
The	  previous	   relations	   are	   the	   equations	  of	   six	   planes	  whose	   envelope	   is	   a	  
pyramid	  whose	  vertex’s	  coordinates	  are	  σI	  ,=	  σII	  =	  σIII	  	  =	  σT	  	  and	  whose	  axis	  is	  
the	  hydrostatic	  one.	  
When	  dealing	  with	  biaxial	  stress	  states	  (σIII	  =	  0),	  the	  equations	  become:	  
	  
	  	  	  	  (6.9)	  
	  
once	  we	  set:	  
	  
	  	  	  	  (6.10)	  
	  
as	  traction	  and	  compression	  strengths.	  
In	  this	  case	  the	  envelope	  of	  the	  six	  lines	  gives	  an	  irregular	  hexagon,	  which	  is	  
the	  intersection	  between	  the	  pyramid’s	  lateral	  surface	  and	  the	  σIII	  =	  0	  plane.	  
	  
It	   is,	   then,	  useful	  to	  notice	  how	  the	  Coulomb	  slipping	  domain,	  being	  defined	  
throughout	   two	   parameters	   (c	   and	   φ),	   is	   actually	   able	   to	   describe	   the	  
different	  traction	  and	  compression	  resistances;	  besides,	  when	  φ	  =	  0,	  we	  get	  
σT	  =	  σC	  and	   the	  hexagon	  coincides	  once	  again	  with	  Tresca’s.	  Finally,	  due	   to	  
the	   independence	   from	   the	   intermediate	   principal	   tension	  σII,	   the	   criterion	  
gives	  the	  same	  monoaxial	  and	  biaxial	  compressive	  strength.	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6.2	  Structural	  model	  
	  
	  
As	  far	  as	  the	  case	  study	  is	  concerned,	  two	  different	  kind	  of	  models	  have	  been	  
created:	   a	   3D	   scheme,	   useful	   for	   a	   clear	   visualization	   of	   the	   structure	   as	   a	  
whole,	   and	   2D	   representations	   of	   the	   main	   internal	   and	   external	   walls,	   at	  
which	  the	  analysis	  is	  straight	  directed.	  
As	  previously	  said,	   the	  modelling	   for	  masonry	  structures	  usually	  refers	  to	  a	  
homogeneous	  material	  whose	  elastic	  properties	  depend	  on	   those	  of	  mortar	  
and	  stone.	  
In	  order	  to	  describe	  the	  global	  behaviour	  of	  the	  walls,	  a	  dense	  discretization	  
is	  performed.	  To	  this	  purpose	  the	  finite	  elements	  selected	  to	  create	  a	  virtual	  
model	   for	   masonry	   in	   Straus7	   are	   basically	   bidimensional	   plate	   elements	  
(quad	  elements,	  4	  nodes);	  in	  particular,	  1800	  plates	  on	  average	  make	  up	  each	  
wall,	  thus	  having	  mean	  dimensions	  of	  40	  cm	  x	  30	  cm.	  In	  addiction,	  each	  plate	  
has	  been	  given	  50	  cm	  thickness	  given	  that	  the	  primary	  investigation	  on	  field	  
pointed	  out	  that	  the	  walls’	  thickness	  range	  was	  between	  30	  cm	  and	  65	  cm.	  	  
Moreover,	  beam	  elements	  (2nodes)	  are	  used	  to	  represent	  the	  curbstone	  and	  
for	  the	  architraves:	  their	  cross	  section	  has	  been	  equally	  set	  to	  30	  cm	  x	  40	  cm	  
according	  to	  the	  collected	  data.	  
	  
	  
	  
	  
6.2.1	  Materials	  modelling	  
	  
	  
Given	  that	  Strus7	  materials	  database	  does	  not	  provide	  a	  suitable	  option	   for	  
masonry,	  it	  is	  necessary	  to	  set	  its	  main	  properties	  and	  manually	  insert	  them	  
within	   the	  model;	   in	   particular,	  masonry	   is	   here	  modelled	   as	   a	   continuous	  
and	  homogeneous	  equivalent	  material	   to	  which	  certain	  properties	  has	  been	  
given	  according	  to	  those	  of	  mortar	  and	  stone.	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Moreover,	  assuming	  a	  Mohr-­‐Coulomb	  collapse	  criterion	   (see	  §§6.2),	  we	  can	  
evaluate	  the	  angle	  of	  friction	  φ	  and	  cohesion	  c	  as	  follows:	  
	  
sinϕ = fc − ft
fc + ft
	  	  	  and	  	  	   c = fc ft
fc − ft
tanϕ 	  	  	  	  (6.11)	  
	  
where	   both	   of	   them	   are	   expressed	   in	   terms	   of	  monoaxial	   compressive	   and	  
tensile	  strength.	  
According	  to	  data	  collected	  from	  literature	  (see	  §§3.2),	  we	  assume:	  
	  
• fmc	  =	  5,5	  MPa	  
• fmt	  =	  0,55	  MPa	  
• ν	  =	  0,2	  
• γ	  =1800	  kg/m3	  
• E	  =	  2000	  MPa	  
	  
leading	  to:	  
	  
φ	  =	  55°	  	  	  	  and	  	  	  	  c	  =	  0,5	  MPa	  
	  
As	  far	  as	  the	  beam	  elements	  are	  concerned,	  since	  it	  was	  not	  possible	  to	  check	  
the	   real	  presence	  of	   curbstones,	  Concrete	  C20/25	   (according	   to	  NTC	  2008)	  
has	  been	  selected	   in	  order	   to	   idealize	  a	  sort	  of	   stiffening	  at	  slab’s	   level.	  For	  
further	  details	  see	  table	  1.	  
	  
The	   reason	   why	   concrete	   has	   been	   used	   is	   basically	   due	   to	   the	   evidences	  
reported	  after	  an	  initial	  overlook	  of	  the	  structure.	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Table	  1.	  Concrete	  properties	  
	  
	  
6.2.2	  2D	  Model	  
	  
	  
In	   this	   case	   the	   kind	   of	   bidimensional	   element	   used	   for	   modelling	   is	   a	  
Plate/Shell	   element;	   in	   order	   to	   perform	   a	   2D	   pushover	   analysis,	   certain	  
constraints	  have	  to	  be	  set:	  in	  particular,	  for	  each	  wall,	  rotations	  in	  the	  three	  
directions	  as	  well	  as	  translation	  in	  the	  plane	  orthogonal	  to	  the	  wall’s	  one	  are	  
fixed.	  
Besides,	  all	  of	  the	  2D	  walls	  have	  been	  defined	  with	  a	  number	  of	  lateral	  nodes	  
that	  are	  supposed	  to	  be	  matched	  when	  dealing	  with	  the	  3D	  scheme.	  
	  
The	   following	   paragraphs	   describe	   the	   main	   steps	   that	   lead	   to	   the	   final	  
analysis.	  
	  
6.2.3	  Load	  analysis	  and	  model	  of	  the	  actions	  
	  
	  
The	   first	   step	   towards	  a	  global	  analysis	   is	   the	  evaluation	  of	   loads	  acting	  on	  
the	  structure;	  they	  can	  be	  divided	  into:	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• Gravity	  (vertical)	  actions:	  permanent	  and	  variable	  
• Seismic	  (horizontal)	  forces	  
	  
Thus,	   for	   each	  wall	   two	   different	   load	   layers	   are	   created	   in	   Strus7	   so	   that,	  
during	   the	   real	   analysis,	   it	   is	   possible	   to	   apply	   different	   load	   increment	   to	  
different	  kind	  of	  loads.	  
	  
6.2.3.1	  Gravity	  actions	  
	  
	  
First	   of	   all,	   the	   self-­‐weights	   of	   masonry	   plates	   and	   concrete	   beams	   are	  
automatically	   considered	   by	   setting	   the	   option	  Gravity	   (see	   picture	   38)	   on	  
Straus7	  and	  indicate	  the	  value	  of	  9,81	  m/s2	  along	  the	  vertical	  axis	  (y	  axis	  in	  
this	  case).	  
	  
	  
Picture	  38.	  Gravity	  option	  window	  
	  
Notwithstanding	  the	  reliability	  of	  the	  software,	  some	  handmade	  verification	  
are	  done	  in	  order	  to	  get	  a	  reasonable	  comparison	  of	  the	  masses;	  the	  results,	  
which	  are	  highly	  close	  to	  Straus’	  are	  collected	  in	  table	  2.	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Total	  self	  weight	  [kg]	  
Front	  Wall	   204091	  
Right	  Handside	  Wall	   444716	  
Left	  Handside	  Wall	   518352	  
Back	  Wall	   234486	  
	  
Table	  2.	  Self	  weight	  for	  each	  wall	  
	  
Then	  slab’s	  weights	  have	  to	  be	  defined	  and	  to	  do	  so,	  we	  choose:	  
	  
• 450	  kg/	  m2	  as	  dead	  load	  
• 200	  kg/	  m2	  as	  variable	  load	  
	  
These	  values	  have	  been	  selected	  according	  to	  the	  most	  likely	  kind	  of	  slab	  we	  
found	   during	   the	   primary	   investigation	   on	   field;	   a	   literature’s	   in-­‐depth	  
analysis	  has	  eventually	  given	  such	  results.	  
	  
Moreover	  the	  initial	  examination	  of	  the	  site	  was	  aimed	  at	  taking	  note	  of	  the	  
disposition	  of	  the	  timber	  beams	  for	  each	  slab	  in	  order	  to	  perform	  a	  detailed	  
load	   computation.	   In	   fact,	   given	   the	  orientation	  of	   the	   slabs,	  we	  are	   able	   to	  
understand	  which	  wall	  would	  bear	  which	  load.	  Pictures	  39,40	  and	  41	  display	  
the	  results	  of	  the	  preliminary	  study.	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Picture	  39.	  Ground	  floor	  slab	  disposition	  
	  
	  
	  
Picture	  40.	  Raised	  ground	  floor	  slab	  disposition	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Picture	  41.	  First	  floor	  slab	  disposition	  
	  
Once	   we	   know	   how	   to	   distribute	   loads,	   getting	   through	   a	   bit	   of	   hand	  
calculation,	  we	  get:	  
	  
	  
Table	  3.	  Slab	  Load	  result	  
	  
Notice	   that	   top	   load	  has	  been	  neglected	  since	  roof	   is	  always	  made	  by	  wood	  
trusses,	  which	  discharge	  their	  load	  on	  trasversal	  walls.	  
	  
According	  to	  NTC08	  par.	  2.5.3.,	  the	  seismic	  combination	  to	  be	  used	  is:	  
	  
E +G1 +G2 +ψ21Qk1 	  	  	  	  (6.12)	  
	  
Given	  that	  E	  is	  null	  in	  the	  vertical	  direction	  and	  being	  ψ21	  =	  0,3	  for	  residential	  
use,	  we	  are	  able	  to	  evaluate	  the	  total	  gravity	  load	  for	  each	  slab:	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Distributed	  seismic	  weight	  along	  the	  slab	  [kN/m]	  
Front	  Wall	  
Raised	  Ground	  Floor	   6,17	  
First	  Floor	   6,17	  
Roof	   0,00	  
Right	  Handside	  Wall	  
Raised	  Ground	  Floor	   38,56	  
First	  Floor	   38,56	  
Roof	   0,00	  
Left	  Handiside	  Wall	  
Raised	  Ground	  Floor	   58,78	  
First	  Floor	   65,18	  
Roof	   0,00	  
Back	  Wall	  
Raised	  Ground	  Floor	   11,35	  
First	  Floor	   11,35	  
Roof	   0,00	  
	  
Table	  4.	  Vertical	  load	  over	  the	  slabs	  
	  
	  
6.2.3.2	  Seismic	  forces	  
	  
	  
In	  order	  to	  perform	  a	  pushover	  analysis,	  horizontal	  forces	  have	  to	  be	  applied	  
to	  each	  slab	  level;	  in	  particular,	  these	  values	  have	  to	  be	  calibrated	  according	  
to	   certain	   selected	  distributions.	  As	   far	  as	   this	  particular	   case	   is	   concerned,	  
forces	  proportional	  to	  product	  between	  mass	  and	  height	  are	  applied.	  
The	   first	   step	   towards	   such	   result	   is	   a	  natural	   frequency	  analysis,	   which	   is	  
needed	  in	  order	  to	  define	  the	  displacement	  vector	  Φ	  (see	  §§5.3):	  the	  latter	  is	  
used	  to	  compute	  the	  participation	  mass	  m*	  and	  the	  participation	  coefficient	  Γ.	  
In	   particular,	   three	   nodes	   (generally	   the	   centre	   of	   mass	   for	   each	   slab)	   are	  
selected	   for	   each	   wall	   and	   relative	   displacements	   are	   taken	   for	   the	   first	  
vibration	   mode;	   then,	   they	   are	   all	   normalized	   with	   respect	   to	   the	   upper	  
floor’s.	   Recalling	   the	  m*	   and	   Γ	   formulas	   (see5.8	   and	   5.9),	   the	   results	   are	  
summarized	  in	  table	  5.	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Table	  5.	  Main	  results	  of	  the	  modal	  analysis	  
	  
Besides,	  modal	   analysis	   allows	   determining	   even	   the	   frequency	   of	   the	   first	  
vibration	  mode	   in	  the	  chosen	  direction	  so	  that	   the	  correspondent	  period	  T1	  
can	  be	  evaluated	  recalling	  that:	  
	  
T = 1
f
	  	  	  	  (6.13)	  
	  
Once	   the	   period	   is	   known,	   we	   look	   SD(T1)	   up	   in	   the	   elastic	   spectrum	   for	  
displacement;	   finally,	   according	   to	   the	   §§7.3.3.2	   of	   the	   NTC08,	   we	   can	  
compute:	  
	  
Fh = SD (T1)W
λ
g
	  	  	  	  (6.14)	  
	  
where	  Fh	  is	  the	  overall	  horizontal	  force	  which	  has	  to	  be	  distributed	  along	  the	  
building’s	   height,	  W	   is	   the	   total	   weight	   of	   the	   structure,	   λ	   is	   a	   coefficient	  
depending	  on	  the	  number	  of	  floors	  and	  set	  to	  0,85	  (if	  T1<2TC)	  and	  g	  is	  nothing	  
but	  the	  gravity	  acceleration	  (9,81	  m/s2).	  
Given	  Fh,	  eventually	  we	  get:	  
	  
Fi = Fh
ziWi
z jWj
j
∑
= Fhα 	  	  	  	  (6.15)	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where	  zi	  and	  Wi	  are	  the	  heights	  and	  weights	  of	  each	  floor.	   In	  particular,	   the	  
previous	   relation	   is	   the	   one	   describing	   the	   application	   of	   horizontal	   forces	  
that	   are	   proportional	   to	   the	   product	   between	  mass	   and	   height;	   moreover,	  
this	  approach	  (named	  Gruppo	  1	  within	  the	  Italian	  regulations)	   is	  to	  be	  used	  
only	   if	   the	  percentage	  of	  participant	  mass	   is	  higher	   than	  75%:	  according	   to	  
the	  results	  shown	  in	  tables	  2	  and	  5,	  such	  condition	  is	  always	  verified.	  
Given	  all	  the	  previous,	  we	  get	  Fi	  values	  for	  the	  4	  walls	  (table	  6).	  
	  
	  
Distributed	  horizontal	  load	  along	  the	  slab	  [kN/m]	  
Front	  Wall	  
Raised	  Ground	  Floor	   0,0030	  
First	  Floor	   0,0074	  
Roof	   0,0036	  
Right	  Handside	  Wall	  
Raised	  Ground	  Floor	   0,0059	  
First	  Floor	   0,0136	  
Roof	   0,0056	  
Left	  Handiside	  Wall	  
Raised	  Ground	  Floor	   0,0063	  
First	  Floor	   0,0178	  
Roof	   0,0052	  
Back	  Wall	  
Raised	  Ground	  Floor	   0,0036	  
First	  Floor	   0,0069	  
Roof	   0,0057	  
Table	  6.	  Design	  horizontal	  forces	  
	  
Once	   we	   apply	   all	   the	   above	   loads,	   the	   non-­‐linear	   static	   analysis	   can	   be	  
performed	   by	   setting	   a	   series	   of	   load	   increments,	   which	   are	   basically	  
multipliers	   to	   be	   used	   for	   horizontal	   forces:	   in	   this	   way	   the	   structure	   is	  
gradually	  pushed	  to	  collapse	  and	  the	  capacity	  curve	  is	  obtained	  (Pictures	  42,	  
43,	  44	  and	  45).	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Picture	  42.	  Front	  wall	  capacity	  curve	  
	  
	  
	  
Picture	  43.	  Right	  handside	  wall	  capacity	  curve	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Picture	  44.	  Left	  handside	  wall	  capacity	  curve	  
	  
	  
	  
	  
Picture	  45.	  Back	  wall	  capacity	  curve	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All	   the	   shown	   capacity	   curves	   represent	   the	   real	   MDOF	   system	   so	   that,	   in	  
order	  to	  be	  compared	  to	  the	  design	  spectra,	   they	  need	  to	  be	  changed	  into	  a	  
SDOF	   representation:	   this	   goal	   is	   achieved	   by	   means	   of	   the	   participation	  
coefficient	  Γ,	  as	   explained	   in	   §§5.3,	  which	   is	   going	   to	   physically	   reduce	   the	  
original	  curves.	  Moreover,	  a	  further	  simplification	  can	  be	  done	  redefining	  the	  
curve	  as	  a	  bilinear	  curve:	  the	  procedure,	  which	  has	  been	  described	  in	  §§4.2.2,	  
is	  based	  on	  areal	  equality	  and	  its	  results	  are	  provided	  in	  pictures	  46,	  47,	  48	  
and	   49.	   Notice	   that	   all	   these	   pictures	   straight	   represent	   the	   SDOF	   bilinear	  
graphs.	  	  
	  
	  
Picture	  46.	  Front	  wall:	  MDOF	  and	  SDOF	  bilinear	  capacity	  curves	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Picture	  47.	  Right	  handside	  wall:	  MDOF	  and	  SDOF	  bilinear	  capacity	  curves	  
	  
	  
	  
	  
Picture	  48.	  Left	  handside	  wall:	  MDOF	  and	  SDOF	  bilinear	  capacity	  curves	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Picture	  49.	  	  Back	  wall:	  MDOF	  and	  SDOF	  bilinear	  capacity	  curves	  
	  
Finally,	  we	   can	   display	   the	   results	   of	   the	   non-­‐linear	   static	   analysis	   even	   in	  
terms	  of	  vertical	  stresses	  and	  deformed	  shape,	  as	  shown	  in	  pictures	  50,	  51,	  
52	  and	  53.	  
	  
6.3	  Design	  spectra	  
	  
	  
In	  order	  to	  assess	  the	  seismic	  vulnerability	  of	  the	  structure,	  seismic	  spectra	  
have	  to	  be	  defined,	  but,	  firstly,	  we	  should	  decide	  which	  kind	  of	  verification	  to	  
be	  done	  so	  that	  needed	  parameters	  are	  set.	  In	  this	  case,	  according	  to	  Italian	  
NTC08,	   two	  different	  circumstances	  are	  analysed:	  one	  for	  the	  ultimate	   limit	  
state,	  which	  is	  the	  life	  protection	  limit	  state	  (SLV)	  and	  one	  for	  the	  service	  limit	  
state,	  which	  is	  the	  damage	  (loss)	  limit	  state	  (SLD).	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Picture	  50.	  Front	  wall	  YY	  stress	  and	  deformed	  shape	  
	  
	  
	  
Picture	  51.	  Right	  handside	  wall	  YY	  stress	  and	  deformed	  shape	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Picture	  52.	  Left	  handside	  wall	  YY	  stress	  and	  deformed	  shape	  
	  
	  
	  
Picture	  53.	  Back	  wall	  YY	  stress	  and	  deformed	  shape	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Both	  of	  them	  are	  associated	  to	  a	  certain	  probability	  of	  being	  exceeded	  (PVR)	  
within	  the	  reference	  period:	  
	  
VR =VNCU 	  	  	  	  (6.16)	  
	  
where	   VN	   is	   the	   nominal	   life	   of	   the	   construction	   (number	   of	   years	   during	  
which	  the	  structure,	  if	  subjected	  to	  ordinary	  maintenance,	  should	  be	  used	  for	  
its	   initial	  purpose)	  and	  CU	   is	   the	  usage	  coefficient	  depending	  on	  the	  class	  of	  
use	  (normal	  presence	  of	  people).	  	  
Moreover,	  according	  to	  the	  site	  location	  and	  to	  the	  soil	  main	  characteristics,	  
some	  factors	  are	  defined	  (Table	  7).	  
	  
	  
Latitude	  
[°]	  
Longitude	  
[°]	  
Class	  of	  
use	  
Vn	  
[years]	   Cu	  
Vr	  
[years]	  
Soil	  
category	  
Topographic	  
category	  
43,420238	   11,905635	   II	   50	   1	   50	   A	   T1	  
	  
Table	  7.	  Initial	  parameters	  setting	  
	  
Table	  7	  shows	  that	  the	  building	  is	  located	  on	  a	  A	  category	  soil,	  which	  is	  a	  very	  
rigid	   soil	   or	   characterised	   by	   emerging	   rocky	   terrains;	   besides,	   the	   T1	  
topographic	  category	  means	  a	  level	  land	  or	  hill	  sides	  and	  reliefs	  with	  average	  
slope	  i≤15°.	  	  
Finally,	  the	  last	  parameter	  we	  need	  before	  developing	  the	  elastic	  spectrum,	  is	  
the	   behaviour	   factor	   q;	   according	   to	   NTC08	   7.8.1.3,	   for	   existing	   masonry	  
structures	  we	  should	  evaluate:	  
	  
q0 = 2,0
αu
α1
	  	  	  	  (6.17)	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where	  q0	   is	   the	  maximum	  value	   for	   the	  structure’s	   factor	  depending	  on	   the	  
expected	  ductility	  and	  on	  the	  type	  of	  construction,	  while	  αu/α1	  is	  a	  coefficient	  
based	  on	  the	  horizontal	  seismic	  force	  multipliers	  and,	  in	  this	  case,	  set	  to	  1,5.	  
The	  behaviour	  factor	  will	  be	  then:	  
	  
q = q0KR 	  	  	  	  (6.18)	  
	  
and	  KR	  set	  to	  0,8	  for	  building	  with	  irregular	  height	  distribution;	  the	  overall	  q	  
is	  then	  2,4,	  which	  is	  a	  quite	  common	  value	  for	  existing	  structures.	  
Now	  we	  have	   all	   the	  parameters	  we	  need	   in	   order	   to	  use	   the	  Excel	   spread	  
sheet	   Spettri	   –	  NTC	   ver.1.0.3.	   released	   by	   the	   Italian	  Consiglio	   Superiore	  dei	  
Lavori	  Pubblici:	  such	  tool	  allow	  to	  immediately	  display	  the	  elastic	  spectra	  for	  
SLD	  and	  SLV	  as	  shown	   in	  pictures	  54.	  Anyway,	   for	  a	  more	  precise	  analysis,	  
same	   curves	   have	   been	   manually	   obtained	   by	   means	   of	   relationship	   5.1.	  
Notice,	   that,	   as	   regulations	   clearly	   say	   (§§3.2.3.4	  and	  7.3.7.1;	   §§3.2.3.5),	   the	  
elastic	  spectrum	  is	  to	  be	  used	  for	  SLD,	  while	  for	  ultimate	  limit	  state	  (SLV)	  a	  
reduction	  needs	  to	  be	  applied	  and	  the	  relative	  inelastic	  spectrum	  (picture	  55)	  
is	   defined	   in	   order	   to	   take	   into	   account	   the	   dissipative	   capacity	   of	   the	  
structure:	   such	   reduction	   can	   be	   obtained	   by	   substituting	   η	   with	   1/q	   in	  
formulas	  5.1.	  	  
Before	   making	   a	   comparison	   between	   demand	   and	   capacity,	   we	   need	   to	  
represent	  both	  graphs	  in	  the	  same	  plane,	  namely	  acceleration-­‐displacement;	  
following	   the	   relationships	   5.2	   and	   5.8,	   the	   capacity	   curve	   and	   the	   design	  
spectra	  are	  modified	  in	  order	  to	  be	  represented	  in	  the	  same	  way.	  The	  results	  
of	  this	  are	  shown	  in	  pictures	  56,	  57,	  58	  and	  59.	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Picture	  54.	  Elastic	  design	  spectra	  
	  
	  
	  
Table	  8.	  Parameters	  for	  SLV	  
	  
Table	  9.	  Parameters	  for	  SLD	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Picture	  55.	  Inelastic	  design	  spectrum	  (SLV)	  
	  
	  
	  
Picture	  56.	  Front	  wall	  acceleration-­‐displacement	  capacity	  curve	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Picture	  57.	  ADSR	  inelastic	  design	  spectrum	  (SLV)	  
	  
	  
	  
Picture	  58.	  Right	  handside	  wall	  acceleration-­‐displacement	  capacity	  curve	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Picture	  59.	  Left	  handside	  wall	  acceleration-­‐displacement	  capacity	  curve	  
	  
	  
	  
Picture	  60.	  Back	  wall	  acceleration-­‐displacement	  capacity	  curve	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Chapter	  7	  
	  
	  
Analysis	  of	  results	  and	  seismic	  assessment	  
	  
	  
7.1	  General	  approach	  
	  
	  
Once	   we	   come	   to	   the	   verification	   of	   results,	   first	   of	   all	   a	   superposition	  
between	  the	  capacity	  curve	  and	  the	  relative	   limit	  state’s	  design	  spectrum	  is	  
needed	  in	  order	  to	  evaluate	  the	  performance	  point.	  	  
After	  that,	  following	  the	  recommendations	  of	  NTC08,	  precise	  verifications	  are	  
carried	   out	   according	   to	   the	   type	   of	   considered	   limit	   state;	   in	   particular,	  
§§7.3.6.2	   for	   SLV	   and	   7.3.7.2	   for	   SLD	   allow	   to	   select	   specific	   assessment	  
criteria	  in	  terms	  of	  deformation	  and	  displacement.	  
	  
7.2	  SLV	  Verification	  
	  
	  
The	  superposition	  of	  capacity	  curve	  and	  seismic	  spectra	  (see,	  as	  a	  reference,	  
picture	  61)	  reveals	  that	  the	  behaviour	  of	  the	  walls	  stands	  elastic	  even	  beyond	  
the	  inelastic	  demand:	  in	  this	  case,	  we	  need	  to	  use	  the	  elastic	  spectrum	  as	  the	  
design	  one	  and	   reduce	   it	   according	   to	   the	  ductility	  μ	   evaluated	  as	   the	   ratio	  
between	   the	   demand	   ultimate	   displacement	   and	   yielding	   displacement.	   In	  
particular,	   the	   first	  one	   is	  obtained	  by	   the	  prolongation	  of	   the	  elastic	   trend	  
until	   the	   elastic	   spectrum	   is	   reached:	   the	   correspondent	   value	   of	  
displacement	   is	   the	   demand	   ultimate	   displacement.	   For	   a	   better	  
understanding	  see	  picture	  62.	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Picture	  61.	  Superposition	  for	  SLV	  –	  Front	  wall	  
	  
	  
	  
	  
Picture	  62.	  Reduction	  of	  inelastic	  spectrum	  for	  SLV	  –	  Front	  wall	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The	   value	   for	   μ	   is,	   then,	   1,61	   so	   that,	   recalling	   the	   relations	   to	   be	   used	   to	  
compute	  Rμ(μ,T)	   (5.3	   and	  5.4)	   as	   a	   function	  of	  TC	   =	   0,291s,	   the	  new	  design	  
spectrum	  is	  obtained	  as:	  
	  
	  
SA (T,µ) =
Se(T )
Rµ (µ,T )
	  	  	  	  (7.1)	  
	  
	  
The	  black	  line	  in	  picture	  62	  represents	  the	  result	  of	  this	  reduction;	  as	  we	  can	  
see,	   the	   inelastic	   demand	   in	   terms	   of	   acceleration	   is	   the	   one	   related	   to	   the	  
intersection	   point	   between	   capacity	   curve	   and	   demand	   spectrum	   with	  
ductility	   μ:	   at	   this	   point	   the	   ductility	   factor	   determined	   from	   the	   capacity	  
curve	  is	  equal	  to	  the	  one	  associated	  with	  the	  intersecting	  demand	  spectrum.	  
Finally,	   we	   have	   to	   simply	   verify	   whether	   the	   displacement	   capacity	   is	  
greater	  than	  the	  displacement	  demand	  or	  not,	  according	  to	  NTC08	  §§7.3.6.2:	  
this	  is	  nothing	  but	  making	  a	  comparison	  between	  the	  ultimate	  displacement	  
given	   by	   the	   pushover	   analysis	   and	   the	   demand	   ultimate	   displacement	  
obtained	  by	  the	  previous	  graphical	  method;	  the	  results	  for	  the	  four	  walls	  are	  
collected	  in	  table	  10,	  while	  pictures	  63,	  64	  and	  65	  display	  the	  reduction	  of	  the	  
correspondent	  inelastic	  spectra	  for	  the	  missing	  walls.	  
	  
	  
	  
Ultimate	  displacement	  
[m]	  
Demand	  ultimate	  
displacement	  [m]	  
	   Front	  Wall	   0,050	   0,013	  
Right	  Handside	  Wall	   0,055	   0,014	  
Left	  Handside	  Wall	   0,060	   0,015	  
Back	  Wall	   0,058	   0,014	  
	  
Table	  10.	  Displacement	  verification	  SLV	  
	  
	   84	  
	  
	  
	  
	  
Picture	  63.	  Reduction	  of	  inelastic	  spectrum	  for	  SLV	  –	  Right	  handside	  wall	  
	  
	  
	  
	  
	  
	  
Picture	  64.	  Reduction	  of	  inelastic	  spectrum	  for	  SLV	  –	  Left	  handside	  wall	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Picture	  65.	  Reduction	  of	  inelastic	  spectrum	  for	  SLV	  –	  Back	  wall	  
	  
All	  the	  previous	  results	  show	  that	  the	  walls	  provide	  a	  high	  resistance	  to	  the	  
design	  seismic	  event,	  being	  able	  to	  reach	  displacement	  that	  are,	  on	  average,	  
three	  times	  greater	  than	  the	  demand	  value.	  Moreover,	  we	  can	  notice	  there	  is	  
not	  any	  particular	  difference	  among	   the	  resulting	  numbers	  showing	  a	  quite	  
homogeneous	  behaviour	  of	  the	  external	  structure	  of	  the	  building.	  
7.3	  SLD	  Verification	  
	  
	  
As	  well	   as	   for	   the	   SLV	   case,	   the	   superposition	   of	   the	   design	   spectrum	   and	  
capacity	  curve	  allows	  a	  complete	  comparison	  between	   the	  demand	  and	   the	  
resistance	   of	   the	   structural	   element;	   following	   the	   NTC08	   §§7.3.7.2,	   for	  
serviceability	  limit	  state	  the	  elastic	  spectrum	  is	  to	  be	  considered.	  
	  
Once	  we	  qualitatively	  verify	  the	  resistance	  of	  the	  wall,	  a	   further	  verification	  
can	  be	  performed	  from	  a	  numerical	  point	  of	  view;	  more	  precisely,	  we	  need	  to	  
evaluate	  the	  relative	  displacements	  dr	  between	  floors	  and	  check	  whether:	  
	  
dr < 0,003h 	  	  	  	  (7.2)	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Picture	  66.	  Superposition	  for	  SLD	  –	  Front	  wall	  
	  
The	  previous	  relation	  is	  valid	  for	  structural	  masonry,	  with	  h	  as	  the	  height	  of	  
each	   floor.	  Table	  11	  collects	   the	  results	   for	   the	   four	  walls.	  Besides,	  pictures	  
67,	  68	  and	  69	  show	  the	  graphical	  superposition	  for	  the	  remaining	  walls.	  
	  
	  
Table	  11.	  Displacement	  verification	  SLD	  
	  
	  
	  
Picture	  67.	  Superposition	  for	  SLD	  –	  Right	  handside	  wall	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Picture	  68.	  Superposition	  for	  SLD	  –	  Left	  handside	  wall	  
	  
	  
	  
Picture	  69.	  Superposition	  for	  SLD	  –	  Back	  wall	  
	  
According	  to	  the	  previous	  results,	  the	  assessment	  of	  the	  seismic	  resistance	  of	  
the	   four	   walls	   is,	   once	   again,	   highly	   positive:	   all	   of	   them	   show	   an	   elastic	  
behaviour	   which	   goes	   greatly	   beyond	   the	   elastic	   limit	   set	   by	   the	   demand	  
spectrum.	  Moreover,	  the	  relative	  displacements	  are	  really	  small	  with	  respect	  
to	   the	   bound	   given	   by	   regulations,	   representing	   a	   compact	   global	  
deformation	  of	  the	  walls.	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Chapter	  8	  
	  
	  
Retrofit	  solution	  for	  slabs	  and	  vaults	  
	  
	  
	  
8.1	  General	  considerations	  
	  
	  
As	  shown	  in	  Chapter	  7,	  the	  case	  study	  reveals	  a	  great	  seismic	  resistance	  given	  
by	  high	  ductility	   and	   capability	  of	  non-­‐linear	  deformation;	   in	   this	   situation,	  
we	   could	   try	   to	   generally	   improve	   the	   structural	   characteristics	   of	   the	  
building,	  providing	  updates	  of	  elements	  that	  are	  particularly	  old	  or	  damaged	  
as	  well	  as	  enhancing	  safe	  components	  that	  lack	  of	  certain	  practical	  details.	  
In	  particular,	  once	  the	  primary	  investigation	  has	  been	  done,	  two	  of	  the	  main	  
structural	  peculiarities	  that	  have	  been	  pointed	  out	  are:	  the	  presence	  of	  vaults	  
and	  two	  order	  timber	  beams	  slabs	  as	  the	  most	  likely	  (see	  Chapter	  1).	  Both	  of	  
them	  have	  been	  commonly	  used	  in	  historical	  buildings	  and,	  after	  a	  long	  time,	  
they	  could	  suffer	  from	  the	  effect	  of	  their	  age;	  besides,	  a	  stiffening	  retrofit	  can	  
be	   necessary,	   and	   generally	   advisable,	   especially	   for	   timber	   slabs,	   whose	  
natural	  features	  may	  result	  in	  a	  too	  elastic	  response	  and	  deformation.	  
According	  to	  all	  the	  previous,	  this	  chapter	  aims	  at	  explaining	  two	  of	  the	  major	  
slabs	  and	  vaults’	  retrofitting	  techniques	  that	  are	  considered	  suitable	   for	  the	  
current	  case	  study.	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8.2	  Slabs	  retrofitting	  
	  
	  
Old	  timber	  slabs	  often	  require	  strengthening	  works	  since,	  being	  dimensioned	  
for	   low	   accidental	   loads,	   they	   lack	   of	   structural	   resistance,	  which	  might	   be	  
caused	   even	   by	   a	   change	   in	   the	   usage	   of	   the	   building:	   for	   instance,	  we	   can	  
refer	  to	  the	  numerous	  historical	  edifices	  that	  have	  been	  recently	  turned	  into	  
public	  offices	  or	  libraries	  or	  schools.	  Moreover,	  the	  functionality	  of	  such	  slabs	  
could	  be	  frequently	  compromised	  by	  the	  excessive	  deformation	  happened	  in	  
the	  past,	  involving	  even	  non-­‐structural	  elements.	  	  
Generally,	   timber	   structures	   are	   substituted	  by	  brand	  new	   slabs	   since	   they	  
are	   highly	   exposed	   to	   natural	   decay,	   but,	   sometimes,	   a	   rehabilitation	  work	  
seems	   more	   convenient	   or	   even	   necessary	   (according	   to	   prescriptive	  
restrictions);	   in	   this	   situation,	   the	  estimate	  of	   the	  preservation	  condition	  of	  
timber	   is	   fundamental	   in	   order	   to	   assess	   whether	   a	   rehabilitation	   can	   be	  
actually	  performed	  or	  not:	  at	  this	  stage,	  it	  is	  necessary	  to	  clearly	  know	  that	  no	  
biological	  decay	  is	  present	  so	  that	  timber	  is	  still	  properly	  working.	  
As	   far	  as	  the	  case	  study	   is	  concerned,	  we	  deal	  with	  timber-­‐brick	  slabs:	   they	  
can	   be	   seen	   as	   standard	   timber	   slabs	   where	   a	   brick	   made	   planking	   is	  
arranged	  over	  the	  timber	  frame;	  besides,	  they	  are	  all	  well	  preserved	  without	  
showing	  any	  particular	  external	  decay	  proof.	  (see	  Chapter	  1	  pictures	  5,	  6	  and	  
7).	  
In	   this	   situation,	   the	   best	   type	   of	   strengthening	   could	   be	   pouring	   a	   thin	  
concrete	  sheet	  linked	  to	  the	  primary	  timber	  beams	  by	  means	  of	  connectors:	  
the	   latters	   are	   particularly	   useful	   to	   solve	   the	   majority	   of	   rehabilitation	  
problems;	   moreover,	   the	   static	   scheme	   they	   provide	   allows	   to	   exploit	   the	  
best	   performances	   of	   both	   materials.	   In	   fact,	   the	   interposition	   of	   such	  
connectors	   controls	   the	   relative	   slipping	   and	   creates	   a	   new	   section	  where,	  
due	  to	  vertical	  actions,	  wood	  is	  under	  traction,	  while	  concrete	  is	  compressed.	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Picture	  70.	  Timber-­‐brick	  slab	  
	  
	  
	  The	   resulting	  mixed	   structure	   is,	   eventually,	   able	   to	   outstandingly	   employ	  
the	   peculiarities	   of	   the	   two	   materials,	   thus	   increasing	   the	   slab	   capacity	   in	  
terms	  of	  resistance	  and	  stiffness.	  	  
The	  main	  reason	  why	  this	  operation	  is,	  here,	  suggested	  is	  due	  to	  the	  fact	  that,	  
when	  performing	  the	  FEM	  simulation,	  a	  concrete	  beam	  has	  been	  assumed	  in	  
order	  to	  represent	  the	  presence	  of	  a	  rigid	  slab	  (see	  Chapter	  x):	  the	  quality	  of	  
outcomes	  of	  the	  seismic	  verification	  has,	  in	  fact,	  advised	  that	  the	  existence	  of	  
rigid	  slab	  can	  result	  in	  a	  safer	  overall	  condition	  for	  the	  building.	  
Furthermore,	  the	  major	  advantages	  of	  this	  practice	  are:	  
	  
• Increase	   in	   slab’s	   stiffness:	   we	   can	   get	   up	   to	   10	   times	   the	   initial	  
stiffness	  thanks	  to	  the	  elastic	  modulus	  of	  concrete	  
• Increase	  in	  load	  capacity	  
• Vibration	  control	  
• Improving	  acoustic	  comfort	  
• Enabling	  the	  addition	  of	  a	  insulators	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• Fire	  resistance	  
• Simplifying	  the	  linkage	  between	  slab	  and	  masonry	  in	  order	  to	  realize	  
curbstones:	   in	   fact,	   the	  timber	   frame	  cannot	  be	  considered	  as	  a	  rigid	  
connection	  capable	  of	  transmitting	  horizontal	  seismic	  forces.	  
	  
	  
	  
Picture	  71.	  Reinforced	  timber	  beam	  
	  
In	   order	   to	   get	   a	   correct	   and	   functioning	   usage	   of	   the	   connectors,	   it	   is	  
fundamental	  to	  follow	  precise	  instructions;	  first	  of	  all	  we	  need	  to	  take	  out	  the	  
materials	   (pavement	  and	  any	  other	   loose	  element)	  over	   the	  wood	   frame	  so	  
that	  a	   full	  and	  accurate	  cleaning	  can	  be	  done.	  At	   the	  same	  time,	  we	  have	   to	  
check	   if	   any	   decay	   is	   present	   and,	   in	   case,	   provide	   a	   substitution	   where	  
possible.	  
Once	  the	  surface	  has	  been	  polished,	  connectors	  have	  to	  be	  fixed	  to	  principal	  
beams;	  they	  need	  to	  be	  correctly	  dimensioned	  according	  to	  loads	  and	  slab’s	  
width.	  Besides,	  the	  connectors	  should	  be	  alternated	  so	  that	  we	  do	  not	  insist	  
over	  the	  same	  portion	  of	  timber.	  	  
It	   is,	   then,	   generally	   suggested	   to	   put	   a	   transpiring	   waterproof	   barrier	   in	  
order	   to	   avoid	  water	   percolation	   and	   dust	   formation;	  moreover	   the	   slab	   is	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shored	   up	   before	   pouring	   the	   concrete	   and	   it	   is	   kept	   supported	   until	   the	  
concrete	  reaches	  a	  complete	  maturation.	  
Finally,	  an	  electrowelded	  net	  is	  to	  be	  placed	  within	  the	  concrete	  slab	  in	  order	  
to	  absorb	  the	  tensile	  stresses.	  
	  
	  
Picture	  72.	  A	  reinforced	  timber	  slab	  
	  
	  
8.3	  Vaults	  retrofitting	  
	  
	  
When	  dealing	  with	  vaults,	   there	  are	  many	  different	  kinds	  of	  retrofit	  we	  can	  
perform	  according	  to	  the	  field	  in	  which	  we	  want	  to	  act;	  for	  example,	  we	  can	  
have:	  
	  
• Reduction	  of	   the	   loads	  on	   the	  vault	   (especially	   for	   seismic	   situation)	  
by	  means	  of	  removal	  of	  heavy	  and	  incoherent	  filling	  and	  substituting	  
them	  with	  lightweight	  concrete	  spandrels	  
• Limiting	   the	   deformations	   of	   the	   extrados	   by	  means	   of	   spandrels	   or	  
dwarf	  walls	  
• Increasing	   the	   vault’s	   thickness	   with	   a	   cloak	   of	   reinforced	   concrete	  
properly	  linked	  to	  the	  vault	  itself	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• Inserting	  tie-­‐rod,	  which	  avoid	  the	  displacement	  of	  boundary	  walls	  
	  
As	  far	  as	  the	  analysed	  case	  is	  concerned,	  the	  suggested	  method	  consists	  in	  the	  
creation	  of	  a	  reinforced	  concrete	  “counter-­‐vault”	  located	  at	  the	  extrados;	  this	  
procedure	   is	   quite	   common	   for	   historical	   arches	   and	   vaults	   and	   basically	  
involves	  linking	  between	  the	  existing	  vault	  and	  the	  counter-­‐vault:	  it	  seems	  as	  
if	  a	  sort	  of	  new	  thicker	  vault	   is	  cooperating	  with	  the	  underlying	  one	  from	  a	  
resistance	  point	   of	   view.	  However,	   the	  difference	   in	   stiffness	  makes	   the	  RC	  
cloak	  to	  bear	  a	  higher	  percentage	  of	  accidental	  load	  acting	  on	  the	  structure.	  
The	  main	  advantages	  of	  this	  practice	  are:	  
	  
• Ability	  of	  the	  extrados	  to	  absorb	  even	  traction	  stresses	  thanks	  to	  the	  
presence	  of	  the	  steel	  reinforcement	  of	  the	  cloak	  
• The	   binding	   action	   provided	   by	   coupling	   between	   masonry	   and	  
concrete	  	  
	  
On	  the	  other	  hand,	  the	  main	  drawbacks	  of	  such	  method	  are:	  
	  
• Inability	  of	  reaching	  the	  extrados	  once	   the	  cloak	   is	  placed	  so	   that	  no	  
future	  inspections	  can	  be	  done	  
• Great	  increase	  in	  self	  weights	  
• Likely	   negative	   interaction	   between	   masonry	   and	   concrete	   (water	  
percolation,	  salt	  filtration,	  ecc.)	  
	  
Nowadays,	   very	   thin	   RC	   concrete	   cloaks	   (4-­‐8cm)	   are	   realized	   in	   order	   to	  
reduce	  their	  stiffness	  and	  weight:	  in	  fact,	  an	  excessive	  rigidity	  could	  lead	  to	  a	  
discharge	   of	   the	   vault	   and	   a	   high	   overburden	   could	   turn	   the	   load	   situation	  
upside	  down.	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Picture	  73.	  Consequence	  of	  excessive	  rigidity	  of	  the	  cloak	  
	  
	  
The	  main	  phases	  of	  construction	  are	  then:	  
	  
• Shoring	  up:	  it	  is	  needed	  to	  hold	  up	  the	  supporting	  structure	  (centina),	  
which,	  in	  turn,	  supports	  the	  vaults	  
• Removal	  of	  pavements	  and	  spandrels:	   after	   the	  pavements	  have	  been	  
taken	   away,	   the	   spandrel	   is	   removed	   by	   hand	   avoiding	   any	   use	   of	  
vibrating	  tool;	  this	  removal	  must	  be	  performed	  as	  much	  uniformly	  as	  
possible	   since,	   in	   this	   way,	   negative	   effects	   due	   to	   asymmetric	  
elimination	   of	   materials	   are	   prevented.	   Once	   the	   procedure	   is	  
finished,	  the	  extrados	  is	  carefully	  polished	  by	  blowing	  (soffiatura)	  and	  
washing.	  
• Cloak’s	  realization:	  holes	  (36	  mm)	  are	  created	  in	  the	  perimetral	  walls	  
with	  no	  more	  than	  50	  cm	  spacing,	  and	  then	  reinforced	  with	  steel	  rods	  
(10-­‐12	   mm)	   anchored	   by	   means	   of	   epossidic	   resin.	   After	   that,	   the	  
electrowelded	   net	   is	   placed	   with	   maximum	   diameter	   of	   6	   mm	   for	  
10x10	  cm	  mails.	  The	  net	  is	  linked	  to	  the	  perimetral	  walls’	  connections	  
by	  welding	  and	  rolled	  out	  over	  a	  resin	  layer.	  Eventually,	  the	  concrete	  
is	  poured	  for	  a	  4-­‐5	  cm	  thickness.	  
• Spandrels’	  pouring:	   the	  spandrels	  are	  restored	  once	  the	  concrete	  has	  
hardened:	  they	  can	  be	  made	  of	  expanded	  clay.	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Picture	  74.	  Example	  of	  strengthening	  work	  
	  
Moreover,	  when	  dealing	  with	  seismic	  force,	  we	  cannot	  rely	  only	  on	  friction-­‐
based	   mechanisms	   so	   that	   additional	   intervention	   can	   be	   used;	   the	   most	  
common	  practice	  is	  the	  application	  of	  tie-­‐rods.	  
	  
	  
Picture	  75.	  Example	  of	  tie-­‐rod	  disposition	  
	  
However,	  as	  far	  as	  the	  case	  study	  is	  concerned,	  the	  latter	  seems	  an	  excessive	  
precaution	  given	  the	  quality	  of	  the	  seismic	  response	  of	  the	  structure.	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Conclusions	  
	  
	  
The	   developed	  work	   has	   been	   a	  well	   organized	   and	   harmonic	   sequence	   of	  
actions,	  whose	   result	   is,	   basically,	   only	  one:	   a	   clear	   and	  wide	  knowledge	  of	  
the	   analysed	   building	   under	  many	   kind	   of	   aspects;	   by	  means	   of	   this	   study,	  
plenty	  of	   information	  have	  been	  collected:	   some	  of	   them	  are	  new	  ones	  and	  
some	  other	  are	  simply	  re-­‐discovered.	  Anyway,	  we	  can	  surely	  say	  that	  every	  
single	  material	  used	  has	  given	   its	   contribution	   to	   the	   final	  goal,	  making	   the	  
overall	  understanding	  a	  bit	  easier.	  
The	   importance	  of	   the	   edifice,	   given	  by	   its	   long	  history,	   requires	   a	  detailed	  
analysis	   in	  order	   to	  ensure	   its	   safety	   towards	  a	   longer	  preservation:	   in	   this	  
context,	  the	  detailed	  metrical	  evaluations	  as	  well	  as	  the	  primary	  investigation	  
allow	  the	  identification	  of	  the	  static	  scheme.	  
Eventually,	  the	  results	  of	  the	  seismic	  assessment	  are	  more	  than	  satisfactory,	  
showing	  all	  the	  four	  walls	  are	  actually	  capable	  of	  reaching	  a	  high	  ductility.	  	  
Notwithstanding	  the	  positive	  performance	  of	  the	  structure,	  it	  is	  important	  to	  
regularly	  check	   its	  state	   in	  order	  to	  prevent	  any	  possible	  worsening:	   in	  this	  
sense,	   this	   dissertation	   would	   provide	   many	   useful	   resources	   for	   further	  
rehabilitation	   and	   strengthening	   works.	   Besides,	   the	   updates	   of	   aged	  
information	   that	   has	   been	   initially	   exposed	   assume	   a	   fundamental	  
importance	  as	  well	  as	  being	  a	  long-­‐lasting	  valuable	  asset.	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